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©  Method  for  reducing  image  artifacts  due  to  periodic  signal  variations  in  NMR  imaging. 
(jy  A  method  for  reducing  image  artifacts  due  to  signal  vari- 
ations  in  the  course  of  examining  a  subject  using  nuclear 
magnetic  resoance  (NMR)  techniques  includes  the  acquisition 
of  scan  data  for  imaging  the  object.  The  scan  data  is  com- 
posed  of  a  number  of  views.  The  acquisition  of  each  view 
includes  the  implementation  of  a  pulse  sequence  to  generate 
an  NMR  signal  and  application  of  a  magnetic  gradient  along  at 
least  one  dimensional  axis  of  the  object.  The  magnetic  field 
gradient  is  characterized  by  a  parameter  (e.g.,  amplitude  or 
direction)  adjustable  from  view  to  view  to  encode  spatial  in- 

formation  into  the  NMR  signal.  The  parameter  value  is  selec- ted  just  prior  to  implementation  of  the  pulse  sequence  for  that view  and  depends  on  the  phase  of  the  signal  variation  at  that 
point  in  time.  The  final  view  order  depends  on  the  measured 
phase  during  the  scan.  In  this  manner,  the  view  order  can  be 
continuously  adjusted  to  obtain  optimum  artifact  reduction. 
The  method  is  applicable  to  various  NMR  imaging  tech- 
niques,  including  Fourier  transform  and  multiple  angle  pro- jection  reconstruction. 
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A  METHOD  FOR  REDUCING  IMAGE  ARTIFACTS  DUB 
TO  PERIODIC  SIGNAL  VARIATIONS  IN  NMR  IMAGING 

Background  of  the  I n v e n t i o n  

This  i n v e n t i o n   r e l a t e s   to  nuc lea r   magnetic  resonance   (HMR)  imaging  
methods.  More  s p e c i f i c a l l y ,   th is   i nven t ion   r e l a t e s   to  method  f o r  
c o n t r o l l i n g   image  a r t i f a c t s   due  to  s u b s t a n t i a l l y   p e r i o d i c   not  s i g n a l  
v a r i a t i o n s   due,  for  example,  to  sub jec t   motion  in  the  course   of  an  NMR 
s c a n .  

In  the  recen t   pas t ,   NMR  has  been  developed  as  an  imaging  m o d a l i t y  
u t i l i z e d   to  ob ta in   images  of  anatomical   f e a t u r e s   of  human  p a t i e n t s ,   f o r  
example.  Such  images  d e p i c t i n g   nuc lear   spin  d i s t r i b u t i o n   ( t y p i c a l l y ,  

10  protons   a s s o c i a t e d   with  water  and  t i s s u e ) ,   s p i n - l a t t i c e   r e l a x a t i o n   t ime 
T r   and/or   s p i n - s p i n   r e l a x a t i o n   time  T2  are  be l i eved   to  be  of  m e d i c a l  
d i a g n o s t i c   value  in  de te rmin ing   the  s t a t e   of  h e a l t h   of  the  t i s s u e  
examined.  Imaging  data  for  c o n s t r u c t i n E   m   imageg  can  ^   c o l l e c U d  
using  one  of  many  a v a i l a b l e   t e chn iques ,   such  as  m u l t i p l e   angle  p r o j e c t i o n  

15  r e c o n s t r u c t i o n   and  Four ie r   t ransform  (FT).  T y p i c a l l y ,   such  t e c h n i q u e s  
comprise  a  pulse   sequence  made  up  of  a  p l u r a l i t y   of  s e q u e n t i a l l y  
implemented  views.  Each  view  may  include  one  or  more  NMR  e x p e r i m e n t s ,  
each  of  which  comprises   at  l eas t   an  RF  e x c i t a t i o n   pulse  and  a  m a g n e t i c  
f i e l d   g r a d i e n t   pulse  to  encode  s p a t i a l   i n f o r m a t i o n   into  the  KMR  s i g n a l .  

20  As  is  well  known,  the  NMR  s igna l   may  be  a  free  i nduc t ion   decay  (FiD)  oc]  
p r e f e r a b l y ,   a  sp in -echo   s i g n a l .  

The  p r e f e r r e d   embodiments  of  the  i nven t ion   wi l l   be  d e s c r i b e d   i n  
d e t a i l   with  r e f e r e n c e   to  a  va r i an t   of  the  FT  t e c h n i q u e ,   which  i s  
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f r e q u e n t l y   r e f e r r e d   to  as  "spin  warp."   It  wi l l   be  r e cogn i zed ,   however ,  
tha t   the  method  of  the  i nven t ion   is  not  l i m i t e d   to  FT  imaging  m e t h o d s ,  
but  may  be  a d v a n t a g e o u s l y   p r a c t i c e d   in  c o n j u n c t i o n   with  o the r   t e c h n i q u e s ,  
such  as  m u l t i p l e   angle   p r o j e c t i o n   r e c o n s t r u c t i o n   d i s c l o s e d   in  U.S.  P a t e n t  

5  No.  4 , 4 7 1 , 3 0 6 ,   and  ano the r   v a r i a n t   of  the  FT  t e chn ique   d i s c l o s e d   in  U.S.  
Pa t en t   Ho.  4 , 0 7 0 , 6 1 1 .   The  spin-warp  t e c h n i q u e   is  d i s c u s s e d   in  an  a r t i c l e  
e n t i t l e d   "Spin  Warp  NHR  Imaging  and  A p p l i c a t i o n s   to  Human  Whole-Body 
Imaging"  by  W.  A.  E d e l s t e i n ,   et  a l . ,   Phys ics   in  Medicine  and  B i o l o r v .  
Vol.  25,  pp.  751-756  (1980).  B r i e f l y ,   the  sp in-warp   t echn ique   employB  a  

10  v a r i a b l e   amp l i t ude   phase  encoding  magnet ic   f i e l d   g r a d i e n t   pulse   p r i o r   t o  
the  a c q u i s i t i o n   of  VKR  spin  echo  s i g n a l s   to  phase  encode  s p a t i a l  
i n f o r m a t i o n   in  the  d i r e c t i o n   of  t h i s   g r a d i e n t .   In  a  t w o - d i m e n s i o n a l  
i m p l e m e n t a t i o n   (2DFT),  s p a t i a l   i n f o r m a t i o n   is  encoded  in  one  d i r e c t i o n   by 
app ly ing   a  p h a s e - e n c o d i n g   g r a d i e n t   along  tha t   d i r e c t i o n   and  t h e n  

15  obse rv ing   a  s p i n - e c h o   s igna l   in  the  p re sence   of  a  magnet ic   f i e l d   g r a d i e n t  
in  a  d i r e c t i o n   o r t h o g o n a l   to  the  p h a s e - e n c o d i n g   d i r e c t i o n .   The  g r a d i e n t  
p r e s e n t   dur ing   the  spin  echo  encodes  s p a t i a l   i n f o r m a t i o n   in  t h e  
o r t h o g o n a l   d i r e c t i o n .   In  a  t y p i c a l   2DFT  pu l se   sequence ,   the  magnitude  o f  
the  p h a s e - e n c o d i n g   g r a d i e n t   pulse  is  inc remented   m o n o t o n i c a l l y   in  t h e  

20  temporal   sequence  of  v i e w s .  

Although  i t   has  been  known  tha t   some  NMR  imaging  pu lse   s e q u e n c e s  
produce  a r t i f a c t s   due  to  objec t   motion,  e a r l y   in  the  development  of  HHR 
imaging  it   was  b e l i e v e d   that   among  the  advan tages   of  the  FT  imaging  
method  was  i t s   p r o p e r t y   of  not  p roducing   motion  a r t i f a c t s .   However,  i t  

25  is  now  well  r e c o g n i z e d   that   this   is  not  so.  Object   motion  during  t h e  
a c q u i s i t i o n   of  an  KME  image  produces  both  b l u r r i n g   and  "ghos t s"   in  t h e  
p h a s e - e n c o d e d   d i r e c t i o n .   Ghosts  are  p a r t i c u l a r l y   apparen t   when  t h e  
motion  is  p e r i o d i c ,   or  near ly   so.  For  most  p h y s i o l o g i c a l   m o t i o n ,  
i n c l u d i n g   c a r d i a c   and  r e s p i r a t o r y   motion,   each  NMR  spin  echo  or  FID  can  

30  be  c o n s i d e r e d   a  snapsho t   view  of  the  o b j e c t .   B l u r r i n g   and  ghosts   are  due 
to  the  i n c o n s i s t e n t   appearance   of  the  ob j ec t   from  view  to  v i ew .  

Both  d e l e t e r i o u s   e f f e c t s   of  p e r i o d i c   motion,   b l u r r i n g   and  ghos t s ,   can  
be  reduced  if  the  data  a c q u i s i t i o n   is  synch ron i zed   with  the  p e r i o d i c  
motion.   This  method  is  known  as  gated  scann ing .   Gating  can  also  be  u s e d  
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to  study  the  mechanical   dynamics  of  the  motion  i t s e l f ,   if  tha t   is  o f  

i n t e r e s t .   The  drawback  of  ga t ing   is  t h a t ,   depending  on  the  pe r iod   of  t h e  

motion  the  f r a c t i o n   of  the  pe r iod   during  which  a c c e p t a b l e   da ta   can  b e  

acqu i r ed ,   and  the  s h o r t e s t   a c c e p t a b l e   pulse   sequence  r e p e t i t i o n   t i m e ,  

ga t ing   can  s i g n i f i c a n t l y   l eng then   the  data  a c q u i s i t i o n   t i m e .  

While  ga t ing   is  r e q u i r e d   when  the  b l u r r i n g   due  to  the  motion  i s  

u n a c c e p t a b l e   and  when  the  motion  i t s e l f   is  of  i n t e r e s t   ( e . g . ,   c a r d i a c  

motion  or  f low),   there   are  o the r   a p p l i c a t i o n s   where  the  loss  of  d e t a i l   o f  

the  moving  s t r u c t u r e s   can  be  t o l e r a t e d ,   but  the  d i s t u r b i n g   e f f e c t s   of  t h e  

0  ghosts   which  can  extend  far  from  the  moving  ob jec t   cannot  be  a c c e p t e d .  

In  such  a p p l i c a t i o n s ,   a  method  t ha t   can  reduce  or  e l i m i n a t e   g h o s t s  

wi thout   the  r e s t r i c t i o n s   of  ga t ing   is  n e e d e d .  

Ghost  a r t i f a c t s   s i m i l a r   in  c h a r a c t e r   to  those  due  to  motion  of  t h e  

ob jec t   p o r t i o n   being  imaged  can  be  caused  by  o ther   s u b s t a n t i a l l y   p e r i o d i c  

5  v a r i a t i o n   in  the  NMR  s i g n a l s .   V a r i a t i o n s   in  the  ampl i tude   or  phase  o f  

the  r ece ived   s i g n a l s   may  be  caused  by  changes  in  the  RF  c o i l  

c h a r a c t e r i s t i c s   due  to  motion  of  o b j e c t s   not  under  e x a m i n a t i o n .   S i g n a l  

v a r i a t i o n s   may  also  be  caused  by  noise   sou rce s ,   e . g . ,   l ine   f r e q u e n c y  

noise  whose  phase  v a r i e s   from  view  to  view  in  a  s u b s t a n t i a l l y   p e r i o d i c  

?0  manner.  Reduction  of  these  a r t i f a c t s   is  also  of  i n t e r e s t   and  is  w i t h i n  

the  scope  of  the  p r e s e n t   i n v e n t i o n .   C o l l e c t i v e l y ,   s igna l   v a r i a t i o n s   due  

to  motion  of  the  ob j ec t   being  imaged  as  well  as  due  to  the  i n d i r e c t  

causes  desc r ibed   above  wi l l   be  r e f e r r e d   to  h e r e i n a f t e r   as  s i g n a l  

v a r i a t i o n s   . 
25  One  proposed  method  for  e l i m i n a t i n g   ghost  a r t i f a c t s   is  d i s c l o s e d   and  

claimed  in  U.S.  Pa tent   A p p l i c a t i o n   S e r i a l   No.  673,690,   f i l e d   November  2 1 ,  

1984,  and  which  is  a s s igned   to  the  same  a s s i g n e e   as  the  p r e s e n t  

i n v e n t i o n .   In  th is   case,   i t   is  r ecogn ized   that   the  d i s t a n c e   between  t h e  

ghosts   and  the  ob jec t   imaged  is  maximized  when  the  pulse  s e q u e n c e  

30  r e p e t i t i o n   time  is  an  odd  m u l t i p l e   o n e - f o u r t h   of  the  motion  p e r i o d   ( i f  

two  p h a s e - a l t e r n a t e d   RF  e x c i t a t i o n   pu l se s   per  view  are  used,  as  d i s c l o s e d  

and  claimed  in  commonly  a s s igned   U.S.  Patent   No.  4 ,443 ,760 ,   i s sued   A p r i l  

17,  1984).  In  the  a b o v e - i d e n t i f i e d   p a t e n t   a p p l i c a t i o n ,   i t   is  r e c o g n i z e d  

tha t   th is   r a t i o   can  be  used  to  a l l e v i a t e   ghosts   due  to  r e s p i r a t o r y  
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motion.  While  th i s   method,  indeed,   improves  image  q u a l i t y ,   i t   d o e s  

impose  a  c o n s t r a i n t   on  the  pu l se   sequence  r e p e t i t i o n   time  used  and  

u s u a l l y   r e s u l t s   in  a  longer   scan  t i m e .  

With  the  p r o j e c t i o n   r e c o n s t r u c t i o n   imaging  t e c h n i q u e s ,   s u b s t a n t i a l l y  

5  p e r i o d i c   motion  again  causes  l oca l   d i s t o r t i o n   and  b l u r r i n g ,   as  well  a s  

a r t i f a c t s   tha t   extend  well  away  from  the  moving  s t r u c t u r e .   In  t h i s  

t e c h n i q u e ,   the  a r t i f a c t s   are  m a n i f e s t e d   as  s t r e a k s   r a t h e r   than  g h o s t s .  

Once  aga in ,   a  method  of  r educ ing   the  d i s t a n t   e f f e c t s   can  be  o f  

s i g n i f i c a n t   b e n e f i t .  

10  Another  method  for  reducing   the  u n d e s i r a b l e   e f f e c t s   due  to  p e r i o d i c  

s igna l   v a r i a t i o n s   is  d i s c l o s e d   and  claimed  in  commonly 

a s s i g n e d / c o n c u r r e n t l y   f i l e d   U.S.  Pa ten t   A p p l i c a t i o n   S e r i a l   Ho. 

(15-HM-2673)  .  In  th i s   method,  a  view  increment   time  is  s e l e c t e d ,   a n  

assumpt ion   is  made  -about   the  s i g n a l   v a r i a t i o n   pe r iod   ( e . g . ,   due,  f o r  

15  example,  to  p a t i e n t   r e s p i r a t i o n )   and  a  view  order   is  gene ra t ed   p r i o r   t o  

the  beg inn ing   of  the  scan.  View  o rder   s e l e c t i o n   i nvo lves   e s t a b l i s h i n g  

the  order   in  which  e i t h e r   the  v a r i a b l e   ampl i tude   p h a s e - e n c o d i n g   g r a d i e n t  

pu l ses   (in  the  sp in-warp   method)  or  the  d i r e c t i o n   of  the  imaging  g r a d i e n t  

pu l ses   (in  m u l t i p l e   angle  p r o j e c t i o n   r e c o n s t r u c t i o n   method)  a r e  

20  implemented.   For  a  given  s i g n a l   v a r i a t i o n   p e r i o d ,   and  known  v i e w  

increment   time,  a  view  order   is  chosen  so  as  to  make  the  motion  as  a  

f u n c t i o n   of  the  p h a s e - e n c o d i n g   ampl i tude   or  g r a d i e n t   d i r e c t i o n   be  at  any  

f requency .   In  one  embodiment,  the  view  order  is  s e l e c t e d   such  that   t h e  

v a r i a t i o n   pe r iod   appears   to  be  equal  to  the  scan  time  (low  f requency)   so  

25  tha t   the  ghost   a r t i f a c t s   are  brought   as  c lose  to  the  moving  ob jec t   a s  

p o s s i b l e .   In  ano ther   embodiment  (high  f r e q u e n c y ) ,   the  view  order   i s  

chosen  to  make  the  v a r i a t i o n   pe r iod   appear   to  be  equal  to  twice  the  p u l s e  

r e p e t i t i o n   time  so  as  to  a t tempt   to  push  the  ghost  a r t i f a c t s   as  far   f rom 

the  ob j ec t   as  p o s s i b l e .   Although  t h i s   method  is  e f f e c t i v e   in  r e d u c i n g  

30  a r t i f a c t s ,   and  is  in  some  r e s p e c t s   i dea l   if  the  v a r i a t i o n   is  r a t h e r  

r e g u l a r   and  at  a  known  f r equency ,   the  method  is  not  very  robust   If  t h e  

assumpt ion   made  about  the  motion  temporal   pe r iod   does  not  hold  ( e . g . ,  

because  the  p a t i e n t ' s   b r e a t h i n g   p a t t e r n   changes  or  is  i r r e g u l a r ) .   I f  

th i s   occur s ,   the  method  loses   some  of  i t s   e f f e c t i v e n e s s   because  t h e  
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focuss ing   of  the  ghos t s ,   e i t h e r   as  close  to  the  objec t   or  as  far  from  t h e  
objec t   as  p o s s i b l e ,   becomes  b l u r r e d .  

Accord ing ly ,   it  is  a  p r i n c i p a l   ob jec t   of  the  p re sen t   i n v e n t i o n   t o  
provide  a  method  for  ach iev ing   ghost  a r t i f a c t   r educ t ion   or  e l i m i n a t i o n  

5  which  avoids  the  d i s a d v a n t a g e s   of  the  a f o r e d e s c r i b e d   me thods .  
It  is  ano ther   ob jec t   of  the  p resen t   i n v e n t i o n   to  provide   a  method  f o r  

achieving   ghost  a r t i f a c t   r e d u c t i o n   or  e l i m i n a t i o n   when  the  s i g n a l  
v a r i a t i o n s   are  not  s u b s t a n t i a l l y   p e r i o d i c   and/or   the  per iod   of  v a r i a t i o n  
is  not  known  a - p r i o r i .  

10  it  is  yet  another   ob jec t   of  the  p re sen t   i nven t ion   to  p rov ide   a  method 
for  achieving   ghost  a r t i f a c t   r educ t ion   or  e l i m i n a t i o n   in  which  the  v iew 
order  is  s e l e c t e d   in  real   time  based  on  measurements  made  dur ing  the  s c a n .  

It  is  s t i l l   ano ther   objec t   of  the  p r e sen t   i n v e n t i o n   to  p rov ide   a 
method  which  is  e f f e c t i v e   in  ach iev ing   ghost  a r t i f a c t   r e d u c t i o n   o r  

15  e l i m i n a t i o n   while  a l lowing  complete  freedom  on  the  choice  of  p u l s e  
sequence  r e p e t i t i o n   t i m e .  

Summary  of  the  I n v e n t i o n  

In  accordance  with  the  i n v e n t i o n ,   there  is  provided  a  method  f o r  ?0  reducing  a r t i f a c t s   in  a  des i red   image  due  to  s u b s t a n t i a l l y   p e r i o d i c  
s ignal   v a r i a t i o n s   while  a  po r t ion   of  an  objec t   is  being  examined  u s i n g  
nuclear   magnetic  resonance  t e chn iques .   These  t echn iques   i n c l u d e  
measurement  of  imaging  data  about  the  objec t   po r t i on   through  t h e  
implementa t ion   cf  a  p l u r a l i t y   of  views,  each  made  up  of  at  l e a s t   one 

25  pulse  sequence  which  inc ludes   i r r a d i a t i o n   of  the  ob jec t   p o r t i o n   by  an  RF 
e x c i t a t i o n   pulse   at  the  Larmor  f requency  to  produce  an  HMR  s i g n a l ,  
a p p l i c a t i o n   of  a  pulsed  magnetic  f i e l d   g r a d i e n t   along  at  l e a s t   one 
dimensional   axis  of  the  ob j ec t ,   and  a c q u i s i t i o n   of  imaging  data .   The 
magnetic  f i e l d   g r a d i e n t   has  a  parameter   value  a d j u s t a b l e   to  have  a 

JO  d i f f e r e n t   value  in  each  view  so  as  to  encode  s p a t i a l   i n fo rma t ion   into  t h e  
KMR  s igna l .   The  method  inc ludes :   S e l e c t i n g   a  p rede te rmined   r e l a t i o n s h i p  
between  the  s igna l   v a r i a t i o n s   and  the  parameter   value  of  the  m a g n e t i c  
f i e ld   g r a d i e n t .   wherein  s e l e c t i o n   of  the  r e l a t i o n s h i p   de f ines   a 
cor respondence   between  a  des i r ed   parameter   value  to  be  implemented  in  a 
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given  pulse   sequence  and  the  phase  of  the  s igna l   v a r i a t i o n s ;   m e a s u r i n g  
the  phase  of  the  s i gna l   v a r i a t i o n s   in  the  course   of  implementing  t h e  
p l u r a l i t y   of  views;  and  s e l e c t i n g   a  non-monotonic   temporal   order   o f  
a p p l i c a t i o n   of  the  magnet ic   f i e l d   g r a d i e n t   so  as  to  approximate   t h e  

5  p r e d e t e r m i n e d   r e l a t i o n s h i p ,   wherein  the  order   is  based  on  said  p h a s e  
measurement s ,   thereby   to  reduce  a r t i f a c t s   in  the  d e s i r e d   image.  

Br i e f   D e s c r i p t i o n   of  the  Drawings  

The  f e a t u r e s   of  the  i n v e n t i o n   b e l i e v e d   to  be  novel  are  set  f o r th   w i t h  
10  p a r t i c u l a r i t y   in  the  appended  c la ims.   The  i n v e n t i o n   i t s e l f ,   however,  b o t h  

as  to  i t s   o r g a n i z a t i o n   and  method  of  o p e r a t i o n ,   t o g e t h e r   with  f u r t h e r  
o b j e c t s   and  advan tages   t h e r e o f ,   may  best   be  unde r s tood   by  r e f e r e n c e   t o  
the  f o l l owing   d e s c r i p t i o n   taken  in  c o n j u n c t i o n   with  the  accompanying 
drawings   in  which :  

15  FIGURE  1  d e p i c t s   in  block  schemat ic   form  an  exemplary  NKR  sy s t em 
u s e f u l   for  p r a c t i c i n g   the  i n v e n t i o n ;  

FIGURE  2  d e p i c t s   an  exemplary  FT  imaging  pu lse   sequence  of  the  t y p e  
known  as  two-d imens iona l   spin  warp ;  

FIGURE  3  i l l u s t r a t e s   a  c o n v e n t i o n a l   sequence  for  i nc remen t ing   t h e  
20  ampl i t ude   of  the  p h a s e - e n c o d i n g   g r a d i e n t   in  a  pu lse   sequence  such  as  t h e  

one  shown  in  FIG.  2; 

FIGURE  4  d e p i c t s   ob jec t   b r i g h t n e s s   versus   time  for  an  ob jec t   whose 
ampl i tude   is  varying  s i n u s o i d a l l y   as  a  f u n c t i o n   of  t i m e ;  

FIGURE  5  d e p i c t s   ob j ec t   b r i g h t n e s s   versus   p h a s e - e n c o d i n g   a m p l i t u d e  
25  for  a  scan  in  which  the  ampl i tude   of  the  p h a s e - e n c o d i n g   g r a d i e n t   i s  

implemented  m o n o t o n i c a l l y   in  the  manner  i l l u s t r a t e d   in  FIG.  3 ;  
FIGURE  6  d e p i c t s   p h a s e - e n c o d i n g   ampl i tude   for  each  view  in  a c c o r d a n c e  

with  the  low  f requency   mode  embodiment  a  p r i o r   me thod ;  
FIGURE  7  shows  ob j ec t   b r i g h t n e s s   as  a  f u n c t i o n   of  p h a s e - e n c o d i n g  

30  ampl i tude   for  the  embodiment  of  FIG.  6 ;  
FIGURE  8  i l l u s t r a t e s   a  p lo t   of  motion  phase  versus   p h a s e - e n c o d i n g  

ampl i tude   for  the  embodiment  d i s c u s s e d   with  r e f e r e n c e   to  FIG.  6;  
FIGURE  9  shows  the  r e l a t i o n s h i p   between  motion  phase  and 

p h a s e - e n c o d i n g   ampl i tude   for  the  high  f requency   sor t   mode  embodiment  of  a 
35  p r i o r   method ;  
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FIGURE  10  d e p i c t s   the  order  of  p h a s e - e n c o d i n g   ampl i tudes   for  the  h i g h  

f requency  sor t   embodiment ;  

FICURE  11  shows  the  r e l a t i o n s h i p   between  ob jec t   b r i g h t n e s s   and  
phase -encod ing   ampl i tude   for  the  high  f requency  mode  embodiment ;  

FIGURE  12  i l l u s t r a t e s   severa l   cyc les   of  ob jec t   b r i g h t n e s s   and  h a v i n g  
less   symmetry  than  the  waveform  dep i c t ed   in  FIG.  4 ;  

FIGURE  13  shows  the  r e l a t i o n s h i p   between  objec t   b r i g h t n e s s   and  
phase -encod ing   ampl i tude   for  ob jec t   b r i g h t n e s s   v a r i a t i o n   p a t t e r n   d e p i c t e d  
in  FIG.  12; 

FIGURE  14  shows  the  r e l a t i o n s h i p   between  motion  phase  and 
phase - encod ing   ampl i tude   for  another   high  f requency   sor t   embodiment ;  

FIGURE  15  d e p i c t s   phase -encod ing   ampl i tude   versus   view  number  for   t h e  
high  f requency  so r t   embodiment  of  FIG.  14;  

FIGURE  16  shows  a  p lo t   of  b r i g h t n e s s   versus   phase -encod ing   a m p l i t u d e  
for  the  high  f requency  sor t   embodiment  of  FIG.  14;  

FIGURE  17  d e p i c t s   a  po r t ion   of  a  pulse   sequence  u se fu l   with  t h e  
i n v e n t i o n   to  minimize  the  e f f e c t s   of  r e s i d u a l   t r a n s v e r s e   m a g n e t i z a t i o n ;  

FIGURE  18  d e p i c t s   in  block  schemat ic   form  a  system  for  s u p p l y i n g  
r e s p i r a t o r y   phase  v a l u e s ;  

FIGURE  19  shows  a  p lo t   of  a  r e p r e s e n t a t i v e   r e s p i r a t o r y   cycle  curve  a s  
a  func t ion   of  time;  and 

FIGURE  20  i l l u s t r a t e s   a  f requency  h i s togram  for  the  r e s p i r a t o r y  
waveform  of  FIG.  18. 

De ta i l ed   D e s c r i p t i o n   of  the  I n v e n t i o n  

FIGURE  1  is  a  s i m p l i f i e d   block  diagram  of  an  KMR  imaging  system  w i t h  
r e s p e c t   to  which  the  p r e f e r r e d   embodiment  of  the  i nven t ion   w i l l   be  
d i s c l o s e d .   It  wi l l   be  r ecognized ,   however,  tha t   the  i nven t ion   as  c l a i m e d  
may  be  a d v a n t a g e o u s l y   p r a c t i c e d   with  any  s u i t a b l e   MR  a p p a r a t u s .   The 
system,  g e n e r a l l y   d e s i g n a t e d   100,  inc ludes   a  pulse  con t ro l   module  112 
which  provides   p r o p e r l y   timed  pulse  waveform  s i g n a l s ,   under  the  c o n t r o l  
of  a  host  computer  114,  to  magnetic  f i e l d   g rad ien t   power  s u p p l i e s  
c o l l e c t i v e l y   d e s i g n a t e d   116  which  ene rg i ze   g r a d i e n t   co i l s   forming  pa r t   o f  
a  g r ad i en t   coi l   assembly  g e n e r a l l y   i n d i c a t e d   by  a  block  118.  The 
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assembly  c o n t a i n s   co i l s   which,  when  ene rg i zed   by  the  power  s u p p l i e s ,  
produce  the  G^.  Gy,  and  G  ̂ magnet ic   f i e l d   g r a d i e n t s   d i r e c t e d   in  t h e  
x,  y,  and  z  d i r e c t i o n s ,   r e s p e c t i v e l y ,   of  the  C a r t e s i a n   c o o r d i n a t e  
system.  The  use  of  the  G^,  Gy  and  Gz  g r a d i e n t s   in  KMR  i m a g i n g  

5  a p p l i c a t i o n s   wi l l   be  d e s c r i b e d   h e r e i n a f t e r   with  r e f e r e n c e   to  PIG.  2 .  
Cont inu ing   with  r e f e r e n c e   to  PIG.  1,  the  pu l se   c o n t r o l   module  

p r o v i d e s   a c t i v a t i n g   pu l ses   to  an  RF  s y n t h e s i z e r   120  which  is  pa r t   of  a n  
RF  t r a n s c e i v e r   system,  p o r t i o n s   of  which  are  enc losed   by  d a s h - l i n e   b l o c k  
122.  The  pulse   c o n t r o l   module  a l so   s u p p l i e s   modula t ing   s i g n a l s   to  a  

10  modula tor   124  which  modulates   the  output   of  the  RF  f r e q u e n c y  
s y n t h e s i z e r .   The  modulated  RF  s i g n a l s   are  app l ied   to  an  RF  co i l   a s s e m b l y  
126  through  an  RF  power  a m p l i f i e r   128  and  a  t r a n s m i t / r e c e i v e   swi tch   130 .  
The  RF  s i g n a l s   are  used  to  e x c i t e   n u c l e a r   spins  in  a  sample  o b j e c t   ( n o t  
shown)  undergo ing   e x a m i n a t i o n .  

^5  The  NMR  s i g n a l s   from  the  e x c i t e d   n u c l e a r   spins  are  p icked   up  by  t h e  
RF  coi l   assembly  and  app l i ed   through  the  t r a n s m i t / r e c e i v e   swi tch   to  an  RF 
p r e a m p l i f i e r   132  and  then  to  a  q u a d r a t u r e   phase  d e t e c t o r   134.  The 
d e t e c t e d   s i g n a l s   are  d i g i t i z e d   by  A/D  c o n v e r t e r   136  and  a p p l i e d   t o  
computer  114  for  p r o c e s s i n g   in  a  wel l -known  manner  to,  for   e x a m p l e ,  

20  r e c o n s t r u c t   NMR  images  of  the  s a m p l e .  
As  used  h e r e i n ,   a  view  wil l   be  def ined   as  being  a  set   of  HMR 

measurements   made  with  the  same  p o s i t i o n - e n c o d i n g   g r a d i e n t s .   Thus,  a  
view  may  con ta in   measurements  o b t a i n e d   with  the  sign  of  the  90°  RF 
pu l ses   a l t e r n a t e d ,   or  r epea t   measurements   to  improve  the  s i g n a l - t o - n o i s e  

25  r a t i o .   During  a  scan,  a  d i s c r e t e   set   of  the  magnet ic   f i e l d   g r a d i e n t  
values   are  used  to  provide   s p a t i a l   i n f o r m a t i o n .   The  component  s i g n a l s  
for  one  view  need  not  be  acqu i red   s e q u e n t i a l l y   in  time  a l though   t h i s   i s  
u s u a l l y   the  c a s e .  

I n i t i a l   r e f e r e n c e   is  made  to  FIGURE  2  which  d e p i c t s   two  views  of  wha t  
30  can  now  be  r e f e r r e d   to  as  a  c o n v e n t i o n a l   imaging  pulse   sequence  of  t h e  

type  known  as  two-d imens iona l   F o u r i e r   t r ans fo rm  (2DFT),  which  i s  
f r e q u e n t l y   also  r e f e r r e d   to  as  t w o - d i m e n s i o n a l   "spin  warp."  This  p u l s e  
sequence  is  u se fu l   in  o b t a i n i n g ,   in  a  well-known  manner,  imaging  data   t o  
r e c o n s t r u c t   images  of  a  sample  being  i n v e s t i g a t e d .   The  pu lse   s e q u e n c e  
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u t i l i z e s   p h a s e - a l t e r n a t e d   RF  e x c i t a t i o n   pu l ses   which,  as  d i s c l o s e d   and 

claimed  in  the  a f o r e i d e n t i f i e d   U.S.  Pa ten t   No.  4 ,443 ,760   and  as  w i l l   b e  

b r i e f l y   d e s c r i b e d   h e r e i n b e l o w ,   produce  p h a s e - a l t e r n a t e d   1IMR  s i g n a l s   u s e d  

to  cancel   c e r t a i n   b a s e l i n e   e r r o r s .  

The  manner  in  which  th i s   is  accompl ished   in  the  c o n v e n t i o n a l   p u l s e  

sequence  wi l l   now  be  d e s c r i b e d   with  r e f e r e n c e   to  FIG.  2  which  d e p i c t s   two 

p h a s e - e n c o d i n g   views  A  and  B  of  a  pulse   sequence  which  in  p r a c t i c e   c a n  

c o n t a i n ,   for  example,  128,  256,  or  512  p h a s e - e n c o d i n g   views.  Bach  v i e w  

in  FIG.  2  is  comprised  of  two  NMR  expe r imen t s .   R e f e r r i n g   now  to  View  A 

i  in  FIG.  2,  there   is  shown  in  i n t e r v a l   1  ( i n d i c a t e d   along  the  h o r i z o n t a l  

axis)   a  s e l e c t i v e   90  RF  e x c i t a t i o n   pulse   app l i ed   in  the  p r e s e n c e   of  a  

p o s i t i v e   G  magnet ic   f i e l d   g r a d i e n t   pu l se .   Pulse  c o n t r o l   module  112 ,  

FIG.  1,  p rov ides   the  needed  c o n t r o l   s i g n a l s   to  the  f r equency   s y n t h e s i z e r  

and  modula tor   so  that   the  r e s u l t i n g   e x c i t a t i o n   pulse   is  of  the  c o r r e c t  

i  phase  and  f requency   to  e x c i t e   n u c l e a r   spins  only  in  a  p r e d e t e r m i n e d  

region  of  the  sample.  T y p i c a l l y ,   the  e x c i t a t i o n   pulse   can  be  a m p l i t u d e  

modulated  by  a  (s in   x) /x   f u n c t i o n .   The  f requency  of  the  s y n t h e s i z e r   i s  

dependent   on  the  s t r e n g t h   of  the  app l i ed   magnetic  f i e l d   and  the  NMR 

spec ies   being  imaged  in  accordance   with  the  well-known  Larmor  e q u a t i o n .  

3  The  pulse   c o n t r o l   module  also  a p p l i e s   a c t i v a t i n g   s i g n a l s   to  the  g r a d i e n t  

power  s u p p l i e s   to  g e n e r a t e ,   in  th i s   case,   the  G  g r a d i e n t   p u l s e .  

Cont inu ing   with  r e f e r e n c e   to  FIG.  2,  G  ,  G  and  G  g r a d i e n t  x  y  z 
pu l ses   are  app l i ed   s i m u l t a n e o u s l y   in  i n t e r v a l   2.  The  G  g r a d i e n t   i n  

z 
i n t e r v a l   2  is  a  r ephas ing   pulse  t y p i c a l l y   s e l e c t e d   such  tha t   the  t i m e  

5  i n t e g r a l   of  the  g r a d i e n t   waveform  over  i n t e r v a l   2  is  a p p r o x i m a t e l y   e q u a l  

to  -1/2  of  the  time  i n t e g r a l   of  the  g r a d i e n t   waveform  over  i n t e r v a l   1 .  

The  f u n c t i o n   of  the  n e g a t i v e   G  pulse   is  to  rephase   the  n u c l e a r   s p i n s  

exc i t ed   in  i n t e r v a l   1.  The  G  g r a d i e n t   pulse  is  a  p h a s e - e n c o d i n g   p u l s e  

s e l e c t e d   to  have  a  d i f f e r e n t   ampl i tude   in  each  of  Views  A,  B , . . . ,   e t c . ,  

10  to  encode  s p a t i a l   i n f o r m a t i o n   in  the  d i r e c t i o n   of  the  g r a d i e n t .   The 

number  of  d i f f e r e n t   G  g r a d i e n t   ampl i tudes   is  t y p i c a l l y   s e l e c t e d   t o  

equal  at  l e a s t   the  number  of  p ixe l   r e s o l u t i o n   e lements   the  r e c o n s t r u c t e d  

image  wi l l   have  in  the  p h a s e - e n c o d i n g   (Y)  d i r e c t i o n .   T y p i c a l l y ,   128,  256 

or  512  d i f f e r e n t   g r a d i e n t   ampl i tudes   are  s e l e c t e d .   In  the  spin  warp  
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embodiment  of  FT  imaging,  the  d u r a t i o n   of  the  G  g r a d i e n t   pulse   is  h e l d  

c o n s t a n t   while   the  ampl i tude   is  sequenced  through  a  range  of  va lues .   I t  

w i l l   be  r e c o g n i z e d ,   however,  tha t   the  degree  of  phase  encoding  is  i n  

r e a l i t y   a  f u n c t i o n   of  the  time  i n t e g r a l   of  the  g r a d i e n t   pulse   waveform 

5  which  in  t h i s   case  is  p r o p o r t i o n a l   to  the  ampl i tude   of  the  g r a d i e n t   p u l s e .  

The  G  g r a d i e n t   pulse   in  i n t e r v a l   2  is  a  dephas ing   pulse   needed  t o  

dephase  the  e x c i t e d   n u c l e a r   spins  by  a  p r e d e t e r m i n e d   amount  to  delay  t h e  

time  of  o c c u r r e n c e   of  a  sp in -echo   s i gna l   S , ( t )   in  i n t e r v a l   4.  The  s p i n  

echo  is  produced  t y p i c a l l y   by  the  a p p l i c a t i o n   of  a  180  RF  pulse   i n  

10  i n t e r v a l   3.  As  is  known,  the  180  RF  pu l se   is  a  t i m e - r e v e r s a l   p u l s e  
which  r e v e r s e s   the  d i r e c t i o n   of  spin  dephas ing   so  as  to  produce  t h e  

s p i n - e c h o   s i g n a l .   The  sp in -echo   s i g n a l   is  sampled  in  i n t e r v a l   4  in  t h e  

p r e sence   of  a  l i n e a r   G  g r a d i e n t   pu lse   to  encode  s p a t i a l   i n f o r m a t i o n   i n  

the  d i r e c t i o n   of  th is   g r a d i e n t .  

15  In  the  pulse  sequence  of  FIG.  2,  b a s e l i n e   e r r o r   components  a r e  
e l i m i n a t e d   by  using  an  a d d i t i o n a l   NMR  exper imen t   in  View  A.  This  s e c o n d  

expe r imen t   is  s u b s t a n t i a l l y   i d e n t i c a l   to  the  f i r s t   with  the  e x c e p t i o n  

tha t   the  RF  e x c i t a t i o n   pulse   in  i n t e r v a l   5  of  View  A  is  s e l e c t e d   to  b e  

180  out  of  phase  (as  sugges ted   by  the  minus  s ign)   r e l a t i v e   to  t h e  

20  e x c i t a t i o n   pu lse   in  i n t e r v a l   1  of  View  A,  so  tha t   the  r e s u l t i n g   s p i n - e c h o  

s i g n a l   S . ' ( t )   in  i n t e r v a l   8  is  180  out  of  phase  with  the  s p i n - e c h o  

s i g n a l   S  ( t)   in  i n t e r v a l   4.  If  the  s i gna l   S . ' ( t )   is  s u b t r a c t e d   from 

S  ( t ) ,   only  those  components  of  the  s i g n a l s   with  r e v e r s e d   sign  in  t h e  

s i g n a l   S  '  ( t)   are  r e t a i n e d .   The  b a s e l i n e   e r r o r   components  c a n c e l .  

25  The  p r o c e s s   d e s c r i b e d   above  with  r e f e r e n c e   to  View  A  is  r epea ted   f o r  

View  B  and  so  on  for  a l l   ampl i tudes   of  the  p h a s e - e n c o d i n g   G  g r a d i e n t .  

The  two  expe r imen t s   with  e x c i t a t i o n   pu l ses   180  out  of  phase  in  e a c h  

view  wi l l   be  r e f e r r e d   to  as  a  "chopper"   p a i r .   The  use  of  the  p u l s e  

sequence  d e p i c t e d   in  FIG.  2  to  e l i m i n a t e   b a s e l i n e   e r r o r   components  

30  n e c e s s a r i l y   means  tha t   the  minimum  number  of  e x c i t a t i o n s   or  SHE 

e x p e r i m e n t s   per  view  is  two  which  r e s u l t s   in  an  i n c r e a s e   in  t h e  

s i g n a l - t o - n o i s e   r a t i o   by  a  f a c t o r   of  \  2  over  what  it   would  be  if  a 

s i n g l e   e x c i t a t i o n   were  u s e d .  



0 2 1 8 8 3 8  

- i i -  
i t   should  be  noted  that   the  i n v e n t i o n   can  a lso   be  p r a c t i c e d   w i t h  

t h r e e - d i m e n s i o n a l   F o u r i e r   t r a n s f o r m   t e c h n i q u e s .   U.S.  Pa ten t   No. 
4 , 4 3 1 , 9 6 8 ,   a s s i g n e d   to  the  sane  a s s i g n e e   as  the  p r e s e n t   i n v e n t i o n   and 
which  is  i n c o r p o r a t e d   he re in   by  r e f e r e n c e ,   d i s c l o s e s   and  c l a i m s  
t h r e e - d i m e n s i o n a l   F o u r i e r   t r a n s f o r m   t e c h n i q u e s .   B r i e f l y ,   i n  
t h r e e - d i m e n s i o n a l   Fou r i e r   t r a n s f o r m   KHR  imaging  t e c h n i q u e s ,  
p h a s e - e n c o d i n g   g r a d i e n t s   are  a p p l i e d   in  more  than  one  d imension.   F o r  
these   t e c h n i q u e s ,   a d d i t i o n a l   G?  p h a s e - e n c o d i n g   g r a d i e n t   pu l se s   a r e  
added  to  i n t e r v a l   2  of  FIG.  2,  for  example,   and  the  e x c i t a t i o n / s a m p l i n g  
p r o c e s s   d e s c r i b e d   he re inabove   is  r e p e a t e d   in  subsequen t   views  of  t h e  
pu lse   sequence  u n t i l   the  Gy  and  G?  g r a d i e n t s   are  a l l   s e q u e n c e d  
through  t h e i r   complete  range  of  amp l i t udes   be fo re   the  s p a t i a l   image  i s  
comple te .   A c c o r d i n g l y ,   a l though  s p e c i f i c   r e f e r e n c e   is  made  h e r e i n b e l o w  
to  methods  for  sequencing   G  in  t w o - d i m e n s i o n a l   F o u r i e r   t r a n s f o r m  
t e c h n i q u e s ,   i t   is  unde r s tood   that   the  same  sequenc ing   methods  a r e  
e q u i v a l e n t s   a p p l i c a b l e   to  o ther   g r a d i e n t   components  when  app l i ed   f o r  
p h a s e - e n c o d i n g   purposes   in  t h r e e - d i m e n s i o n a l   F o u r i e r   t r a n s f o r m   t e c h n i q u e s .  

FIGURE  3  d e p i c t s   a  c o n v e n t i o n a l   sequence  for  i nc r emen t ing   t h e  
ampl i t ude   ( i n d i c a t e d   along  the  v e r t i c a l   ax is )   of  the  G  p h a s e - e n c o d i n g  
g r a d i e n t   in  a d j a c e n t   views  ( i n d i c a t e d   along  the  h o r i z o n t a l   ax i s )   of  a  
t w o - d i m e n s i o n a l   sp in-warp   pulse  sequence ,   such  as  the  exemplary  s e q u e n c e  
d e s c r i b e d   with  r e f e r e n c e   to  FIG.  2.  In  FIG.  3,  each  dot  r e p r e s e n t s   one 
Gy  g r a d i e n t   ampl i tude .   For  s i m p l i c i t y ,   a  32-view  scan  is  assumed  i n  
FIG  3.  T y p i c a l l y ,   the  scan  would  have,  for  example,   128  views  and  i n  
view  1,  the  Gy  g r a d i e n t   is-  s e l e c t e d   to  have  a  p r e d e t e r m i n e d   n e g a t i v e  
ampl i t ude   ( - A ^ ) .   Subsequen t ly ,   in  views  2-63,  the  ampl i tude   i s  
i n c r e a s e d   m o n o t o n i c a l l y   through  a  value  of  near  0  at  view  64  and  t h e n c e  
f u r t h e r   i n c r e a s e d   mono ton i ca l l y   to  a  p o s i t i v e   ampl i tude   (+A  )  at  v i ew 

As  a l l u d e d   to  he r e inabove ,   i t   has  been  found  tha t   q u a s i - p e r i o d i c  
motion  of  the  s u b j e c t   due,  for  example,  to  r e s p i r a t i o n ,   when  using  t h e  
p h a s e - e n c o d i n g   ampl i tude   sequence  of  FIG.  3,  l eads   to  s t r u c t u r e d  
a r t i f a c t s   ( m a n i f e s t e d   in  r e c o n s t r u c t e d   images  as  ghost   images  along  t h e  
p h a s e - e n c o d i n g   d i r e c t i o n )   and  loss  of  r e s o l u t i o n .   The  pr imary  source  o f  
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these   a r t i f a c t s   has  been  de t e rmined   to  be  mo t ion - induced   phase  and  

amp l i t ude   e r r o r s   in  the  p h a s e - e n c o d i n g   d i r e c t i o n   when  using  FT  imag ing  

t e c h n i q u e s .   S p e c i f i c a l l y ,   to  the  e x t e n t   tha t   the  motion  is  a  p e r i o d i c  

f u n c t i o n   of  p h a s e - e n c o d i n g ,   the  a r t i f a c t   wi l l   appear  as  d i s c r e t e   ghost  o r  

5  g h o s t s ,   r e p l i c a t i n g   some  of  the  f e a t u r e s   of  the  d e s i r e d   image .  

P r i o r   to  d e s c r i b i n g   how  b l u r r i n g   and  ghost   a r t i f a c t s   due  to  o b j e c t  

motion  are  reduced  or  e l i m i n a t e d   in  accordance   with  the  i n v e n t i o n ,   i t  

w i l l   be  i n s t r u c t i v e   to  c o n s i d e r   the  fo l lowing   d i s c u s s i o n   of  the  causes  o f  

these   a r t i f a c t s .  

10  A  simple  way  to  unde r s t and   m o t i o n - i n d u c e d   a r t i f a c t s   in  FT  imaging  i s  

not  by  dea l ing   with  motion  d i r e c t l y ,   but  by  c o n s i d e r i n g   a  small  volume 

f ixed   in  space  whose  NMR  s igna l   is  a  f u n c t i o n   of  time.  This  small  volume 

wi l l   be  r e f e r r e d   to  he re in   as  a  p ixe l   even  though  i t   is  a c t u a l l y   a  r e g i o n  

in  space  r a t h e r   than  a  p o r t i o n   of  the  r e c o n s t r u c t e d   image,  and  i t s   SKR 

15  s i g n a l   as  b r i g h t n e s s .   The  temporal   v a r i a t i o n   in  b r i g h t n e s s   could  be  due 

to,  for  example,  m a t e r i a l   moving  in to   and  out  of  the  small  volume  f i x e d  

in  space .   Note  that   by  t r e a t i n g   ampl i tude   v a r i a t i o n s ,   not  only  can  r i g i d  

motion  be  unde r s tood ,   but  any  o the r   type  as  well .   As  was  d i s c u s s e d  

h e r e i n a b o v e ,   v a r i a t i o n s   in  the  NMR  s igna l   produced  by  e f f e c t s   o ther   t h a n  

20  motion  can  also  gene ra te   ghost  a r t i f a c t s .   These  are  inc luded   wi th in   t h e  

scope  of  the  p r e sen t   d i s c u s s i o n .   I n - p l a n e   motion  causes  b r i g h t n e s s   t o  

i n c r e a s e   in  one  p ixe l   while  it  d e c r e a s e s   in  ano the r .   Rega rd le s s   o f  

motion  d i r e c t i o n ,   due  to  the  l i n e a r i t y   of  the  imaging  p r o c e s s ,   each  p i x e l  

can  be  t r e a t e d   i n d e p e n d e n t l y .   F u r t h e r ,   s ince  i t   can  be  assumed  tha t   e a c h  

25  view  is  an  i n s t a n t   snapsho t ,   only  the  column  in  the  image  in  t h e  

p h a s e - e n c o d i n g   d i r e c t i o n   c o n t a i n i n g   the  p ixe l   of  i n t e r e s t   need  be  

c o n s i d e r e d .  

Thus,  assume  the  ob jec t   is  only  a  f u n c t i o n   of  one  dimension  ( t h e  

p h a s e - e n c o d e d   d i r e c t i o n ,   e . g . ,   y)  ,  t ha t   only  a  s i n g l e   po in t   at  yQ  ha s  

30  any  i n t e n s i t y ,   and  for  now,  assume  it   has  c o n s t a n t   b r i g h t n e s s   Bo- 

Then,  the  ob jec t   i s  

o(y>  =  Bo  6(y-yQ)  ,  ( D  
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where  6  is  a  Dirac  d e l t a   f u n c t i o n .  

The  measurements   made  in  an  FT  imaging  method  fo ra   the  F o u r i e r   t r a n s f o r m  
of  o b j e c t   o :  

OCk  >  - j l [ o ( y ) ]   =  B  e " 2 H V (  (2 )  

where  ky  is  a  s p a t i a l   f requency  in  the  y  d i r e c t i o n ,   which,  for  2DFT 
imaging,   is  p r o p o r t i n a l   to  the  area  under  the  p h a s e - e n c o d i n g   g r a d i e n t  
pu l s e .   If  v a r i a t i o n s   in  the  o b j e c t ' s   b r i g h t n e s s   are  now  al lowed  so  t h a t  
when  the  measurement  at  ky  is  made  the  p i x e l   b r i g h t n e s s   i s  
V B ( V '   Wher€  Bo  is  the  avera6e  va lue ,   then  the  measured  s i g n a l  
i s :  

H(ky)  =  !Bo  +  B(ky)J  
e"2Tt  ikyy0 

(3 )  

=  B . ~ 2 v   ikyyo  +  B(k  )e"271  i  V o   •  <«> 
y 

Kote  tha t   the  e r r o r   term,  the  second  term  on  the  r i g h t - h a n d   s ide ,   is  t h e  
)  F o u r i e r   t r a n s f o r m   of  the  s ing le   po in t   modulated  by  b r i g h t n e s s   v a r i a t i o n .  

The  r e s u l t i n g   image  is  the  i nve r se   Fou r i e r   t r a n s f o r m   of  H: 

~\(   -2tt  i k y )   -I/-  -2-tt  i  k  v  -\ 
- « , ,   -  j | B o e   / ° J   ♦  £   £ „   ky)e  V o j   .  ( 5 )  

>  The  f i r s t   term  on  the  r i g h t - h a n d   side  is  the  d e s i r e d   image  of  the  a v e r a g e  
o b j e c t   b r i g h t n e s s .   Using  the  c o n v o l u t i o n   theorem  on  the  second  t e rm  
r e s u l t s   i n :  

My)  =  bo  6(y-y0)   +  6<y-yo>  *  R<y>  ,  (6 )  

where  g(y)  is  the  ghost  kernel   which  is  equal  to  the  inverse   F o u r i e r  
t r a n s f o r m   of  the  temporal   v a r i a t i o n .   The  word  " t e m p o r a l "   is  used  here  t o  
de f i ne   how  the  b r i g h t n e s s   ampli tude  v a r i e s   with  p h a s e - e n c o d i n g   a m p l i t u d e  
ky  r a t h e r   than  time.  For  now,  it   may  be  assumed  tha t   p h a s e - e n c o d i n g  
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ampl i tude   is  p r o p o r t i o n a l   to  t ime,  as  i t   is  in  a  conven t iona l   imag ing  

sequence.   Thus ,  

8(y)  - " J " 1   w y 1   •  (7> 

5 

The  f i r s t   term  on  the  r i g h t - h a n d   s ide  of  Equat ion  (6)  d e s c r i b e s   m o t i o n  

b l u r r i n g .   As  the  ob j ec t   moves,  each  po in t   in  the  image  through  which  t h e  

o b j e c t   passes   wi l l   r e c e i v e   a  c o n t r i b u t i o n   p r o p o r t i o n a l   to  the  amount  o f  

time  the  ob jec t   spent   at  tha t   po in t   th roughout   the  imaging  s e q u e n c e  

10  ( t h roughou t   the  measurements ,   to  be  p r e c i s e ) .   The  second  term  i n  

Equat ion   (6)  shows  tha t   whatever   temporal   v a r i a t i o n s   there   are  at  a  p o i n t  

w i l l   produce  ghos t s .   The  ghosts   emanate  in  the  phase -encod ing   d i r e c t i o n  

from  the  source .   The  d e t a i l s   of  the  ghosts   depend  on  the  f r e q u e n c y  

con ten t   of  the  temporal   v a r i a t i o n s .  

15  Suppose,  f i r s t l y ,   tha t   the  f u n c t i o n   B(k  )  is  a  s i n u s o i d .   FIG.  4 

shows  a  p lo t   of  the  ob j ec t   b r i g h t n e s s   ( v e r t i c a l   axis)   versus   time.  A l s o  

shown  in  FIG.  4  as  a  set  of  p o i n t s   d e s i g n a t e d   by  "X"  marks  is  the  o b j e c t  

b r i g h t n e s s   at  each  of  the  d i s c r e t e   t imes  at  which  a  view  measurement  i s  

taken.   In  p r a c t i c e ,   t h i s   f u n c t i o n   may  have  many  cycles   during  one  s c a n ;  

20  e . g . ,   10-20  or  more,  depending  on,  for   example,  the  r e s p i r a t i o n   r a t e   o f  

the  sub jec t   being  imaged.  For  s i m p l i c i t y ,   FIG.  4  dep i c t s   only  t h r e e  

cyc l e s .   Funct ion  B(k  )  may  be  e x p r e s s e d   a s :  

B(k  )  =  A  B  Bin  (2tt  f*k  +  4>  )  t  ( 8 )  
y  y 

25 

where  f*  is  the  f requency  in  b r i g h t n e s s   cyc les   per  s p a t i a l   f r e q u e n c y  

(k  )  inc rement .   To  make  th is   more  i n t u i t i v e ,   the  f requency  f*  may  be  

conve r t ed   to  b r i g h t n e s s   cycles   per  scan.  Assume  there   are  »v  v i e w s ,  

t h a t   the  f i e l d   of  view  is  FOV  so  tha t   the  f requency  increment   is  1/FOV. 

30  The  f requency  in  cyc les   per  scan  then  i s :  

f  =  f*  (1/FOV)  N  •  <9> 
v 

Using  Equat ion  (9)  for  the  sine  wave  of  Equat ion  (8)  and  s u b s t i t u t i n g  

35  in to   Equat ion  (7),  the  ghost  ke rne l   i s :  
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B(y)  -  - M   { [ s i n ( $ )   +  i  c o s U ) ]   6(y  -  f  FOV/Ny)^ 

+  AB  5 [ s i n ( $ )   -  i  cos(4>)]  6(y  +  f  FOV/Ny) l  

Thus,  the  ghost   ke rne l   for  simple  s i n u s o i d a l   b r i g h t n e s s   v a r i a t i o n   c a u s e s  
5  there  to  be  two  ghosts   emanat ing  from  the  source  p i x e l .   The  f i r s t   t e r m  

produces  a  ghost   above  the  source  p ixe l   while  the  second  p roduces   a  g h o s t  
below  the  source   p i x e l .   It  wi l l   be  r ecogn ized   tha t   in  an  a c t u a l   i a a g e ,  
many  po in t s   in  the  image  may  be  p roduc ing   ghos t s ,   in  p r a c t i c e ,   s t r o n g  
ghost  a r t i f a c t s   are  observed  emanating  from  high  c o n t r a s t   b o u n d a r i e s .  

10  The  d i s t a n c e   between  the  ob jec t   p ixe l   and  the  ghos t s   is  de t e rmined   by 
the  f requency  of  the  r e l a t i o n s h i p   between  b r i g h t n e s s   and  p h a s e - e n c o d i n g  
ampli tude  ( e . g . ,   FIG.  5).  As  the  f r equency   of  the  motion  i n c r e a s e s ,   t h e  
ghosts  move  f a r t h e r   away  from  the  source  p i x e l .   Since  t h e r e   are  a  f i n i t e  
number  of  views,   the  observed  f requency   cannot  be  g r e a t e r   than  IT  / 2  

15  cycles   per  scan.   If  the  a c tua l   f requency   is  g r e a t e r ,   i t   w i l l   s i m p l y  
a l i a s   to  a  lower  f r equency .   Thus,  from  Equation  10,  i t   may  be  seen  t h a t  
the  f a r t h e s t   the  ghost  can  be  from  the  source  p ixe l   is  one  ha l f   of  t h e  
f i e l d   of  view.  At  f r e q u e n c i e s   j u s t   h ighe r   than  t h a t ,   the  f r equency   w i l l  
be  a l i a s e d   to  j u s t   below  Ky/2  and  as  the  f requency  i n c r e a s e s   f u r t h e r ,  

20  the  ghosts   w i l l   come  c l o s e r   to  the  source  p i x e l .   At  a  f r e q u e n c y   of  V 
cycles   per  scan  the  ghosts   wil l   be  superimposed  on  the  source   p i x e l *  
This  c o n d i t i o n   is  known  as  ga t ing .   Another  c o n s t r a i n t   is  tha t   the  g h o s t s  
cannot  extend  beyond  the  scanned  f i e l d   of  view.  If  a  ghost  t r i e s   to  do 
tha t ,   i t   wi l l   a l i a s   and  r eappear   at  the  oppos i t e   extreme  of  the  s c a n n e d  

25  f i e l d .   For  example,  if  yQ  +  f  FOV/Ny  exceeds  (FOV/2)  the  upper  g h o s t  
given  by  the  f i r s t   term  in  Equat ion  (10)  wi l l   wrap  around  and  appear   a t  
the  bottom  of  the  image.  Then,  as  f  i n c r e a s e s ,   tha t   p a r t i c u l a r   g h o s t  
wil l   move  toward  the  image  c e n t e r .   Hote  tha t   the  lower  ghost  at  (y  - f  
FOV/Ny)  may  s t i l l   be  at  i t s   expected   l o c a t i o n ,   so  in  th i s   case  b o t h  

30  ghosts  could  be  below  the  source  p i x e l .  
Mote  in  Equat ion   (10)  that   the  two  ghosts   have  a  complex  a m p l i t u d e .  

The  phase  of  each  depends  on  the  phase  of  the  s i n u s o i d .   In  g e n e r a l ,   t h e  
phase  of  the  one  ghost  is  d i f f e r e n t   from  the  phase  of  the  o ther   and  a l s o  
from  the  phase  of  the  des i r ed   image.  
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If  the  b r i g h t n e s s   v a r i a t i o n   is  more  c o m p l i c a t e d   than  a  s i n g l e  

s i n u s o i d ,   the  ghost   ke rne l   Equat ion  (7)  wi l l   also  be  more  compl ica ted   and  

as  a  r e s u l t   more  than  2  ghosts   wi l l   emanate  from  the  source  p i x e l .   I n  

g e n e r a l ,   for   s u b s t a n t i a l l y   p e r i o d i c   v a r i a t i o n s ,   a  s e r i e s   of  d i s c r e t e  

5  ghos ts   w i l l   be  produced,   one  for  each  harmonic  of  the  bas ic   v a r i a t i o n  

f r e q u e n c y .  

For  the  s imple   32-view  example  d e s c r i b e d   h e r e i n b e f o r e ,   if  the  t y p i c a l  

monotonic   p h a s e - e n c o d i n g   order   (FIG.  3)  is  a p p l i e d ,   the  r e l a t i o n s h i p  

between  source   b r i g h t n e s s   and  p h a s e - e n c o d i n g   ampl i tude   is  as  shown  i n  

10  FIG.  5.  Each  po in t   in  FIG.  5  is  g e n e r a t e d   by  f i n d i n g ,   for  each  view,  t h e  

b r i g h t n e s s   va lue   in  FIG.  A  and  the  phase  encoding  in  FIG.  3.  The 

l o c a t i o n   of  the  ghosts   is  de te rmined   by  the  f r equency   con ten t   of  t h i s  

r e l a t i o n s h i p   between  b r i g h t n e s s   and  p h a s e - e n c o d i n g   a m p l i t u d e .  

One  p o s s i b l e   way  to  reduce  the  d i s t u r b i n g   e f f e c t s   of  g h o s t s ,  

15  d i s c l o s e d   and  claimed  in  a f o r e - i d e n t i f i e d   U.S.  Pa ten t   A p p l i c a t i o n   S e r i a l  

No.  673,690  is  to  t ry  to  move  the  ghos ts   as  far   from  the  ob jec t   a s  

p o s s i b l e .   According  to  Equat ion  (10) ,   tha t   happens  when  the  m a j o r  

component  v a r i a t i o n   is  at  N  /2  cyc les   per  scan.  If  an  ob jec t   is  moving 

in  a  n e a r l y   p e r i o d i c   manner  at  a  f r equency   of  Kv/2  cyc les   per  s c a n ,  

20  most  of  the  v a r i a b l e   energy  in  the  p i x e l s   whose  b r i g h t n e s s   is  t i m e  

vary ing   w i l l   be  at  that   f r equency .   I f ,   in  a d d i t i o n ,   the  p h a s e - e n c o d i n g  

amp l i t udes   are  incremented   m o n o t o n i c a l l y ,   as  is  u s u a l l y   done,  then  t h e  

temporal   b r i g h t n e s s   f unc t i on   t r a n s l a t e s   simply  in to   b r i g h t n e s s   as  a  

f u n c t i o n   of  phase  encoding.   The  net  r e s u l t   is  tha t   the  ghosts   wi l l   be  a s  

25  far   from  the  o b j e c t   as  p o s s i b l e ,   FOV/2.  In  a  c o n v e n t i n a l   s ing le   p l a n e  

imaging  sequence   using  one  pa i r   of  p h a s e - a l t e r n a t e d   RF  e x c i t a t i o n   p u l s e s  

(chopper   p a i r )   ,  t h i s   r e l a t i o n s h i p   is  accompl i shed   when  r e p e t i t i o n   t i m e  

T  (FIG.  2)  is  equal  to  the  b r e a t h i n g   per iod   d iv ided   by  4.  The  e x t r a  
R 

f a c t o r   of  2  is  due  to  the  use  of  two  p h a s e - a l t e r n a t e d   RF  e x c i t a t i o n  

30  expe r imen t s   per  p h a s e - e n c o d i n g   amp l i t ude .   Thus,  one  method  o f  

c o n t r o l l i n g   the  e f f e c t s   of  p e r i o d i c   motion  is  to  choose  a  r e p e t i t i o n   t i m e  

T  once  the  motion  pe r iod   is  known. 
R 

At  t h i s   p o i n t ,   i t   is  h e l p f u l   to  d e s c r i b e   in  some  d e t a i l   the  c o n c e p t s  

d i s c l o s e d   in  the  a fo remen t ioned   commonly  a s s igned ,   c o n c u r r e n t l y   f i l e d  
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U.S.  Pa ten t   A p p l i c a t i o n   (15-NM-2673)  .  There in ,   the  g e n e r a l   method  o f  

choosing  the  va lues   of  the  g r a d i e n t   pa rame te r   ( e . g . ,   p h a s e - e n c o d i n g  

ampl i tude)   in  a  manner  such  that   the  d i s t r u b i n g   e f f e c t s   of  motion  ( o r  

o ther   s i g n a l   v a r i a t i o n   p roduc ing   phenomena)  are  d i m i n i s h e d   is  d i s c l o s e d  

5  and  c laimed.   Two  "modes"  are  d e s c r i b e d .   In  one,  the  "low  f r equency   s o r t  

mode,"  a  view  order   tha t   r e s u l t s   in  the  r e d u c t i o n   of  the  d i s t a n c e   of  t h e  

ghosts   from  the  source  p ixe l   is  used.  In  the  o t h e r ,   the  "high  f r e q u e n c y  

sor t   mode,"  the  d i s t a n c e   of  the  ghosts   from  the  source   p i x e l   i s  

maximized.  This  l a t t e r   mode  is  best   implemented  if  the  scanned  f i e l d   o f  

10  view  (FOV)  in  the  phase -encoded   d i r e c t i o n   is  s u b s t a n t i a l l y   l a r g e r   t h a n  

the  size  of  the  ob j ec t   ( e . g . ,   twice  as  l a rge )   so  tha t   the  ghos t s   do  n o t  

over lay   s t r u c t u r e s   of  i n t e r e s t .   Also  d e s c r i b e d   in  the  a f o r e m e n t i o n e d  

a p p l i c a t i o n   are  methods  by  which  the  view  order  can  be  s e l e c t e d .   It  i s  

th i s   view  o rder   s e l e c t i o n   method  over  which  the  p r e s e n t   i n v e n t i o n   is  a n  

15  improvement.  Before  p r o c e e d i n g   with  the  d e s c r i p t i o n   of  the  view  o r d e r  

s e l e c t i o n   methods,   it  is  h e l p f u l   to  f u r t h e r   d e s c r i b e   the  concep t s   by 

which  the  a r t i f a c t s   are  c o n t r o l l e d .  

A  pa r ame te r   r e p r e s e n t a t i v e   of  the  p o s i t i o n   of  the  o b j e c t   is  n e e d e d .  

One  p o s s i b l e   pa rame te r   is  the  r e l a t i v e   phase  of  the  o b j e c t   w i t h i n   i t s  

20  motion  cyc le .   As  wi l l   be  de sc r i bed   h e r e i n b e l o w ,   a  p a r a m e t e r   more 

d i r e c t l y   r e l a t e d   to  o b j e c t   p o s i t i o n   can  also  be  used.  These  p o s i t i o n  

de f in ing   p a r a m e t e r s   wi l l   be  r e f e r r e d   to  as  "motion  p h a s e , "   a l t hough   t h e y  

may  not  be  a  phase  in  a  r igorous   sense.   F u r t h e r ,   a l though   motion  i s  

r e f e r r e d   to  here ,   the  i n v e n t i o n   is  a p p l i c a b l e   to  o the r   types  of  s i g n a l  

25  v a r i a t i o n s .  

B a s i c a l l y ,   the  goal  is  to  s e l e c t   the  order   in  which  the  v a r i o u s  

g r a d i e n t   p a r a m e t e r   va lues   are  implemented  so  t h a t ,   a f t e r   the  da ta   a r e  

r eo rde red   in  monotonic  order  of  g r a d i e n t   p a r a m e t e r ,   the  a p p a r e n t  

f requency  of  the  motion  is  changed .  

30  The  o b j e c t i v e   of  the  low  f requency  sor t   mode  is  to  implement  a  v i e w  

order   so  tha t   a f t e r   the  measurement  data  acqu i r ed   in  each  view  a r e  

r e o r d e r e d ,   the  motion  wi l l   appear  to  go  through  only  one  cyc le .   This  c an  

be  achieved  i f ,   for  example,  as  a  r e s u l t   of  the  view  order   s e l e c t e d ,  

motion  phase  is  m o n o t o n i c a l l y   r e l a t e d   to  p h a s e - e n c o d i n g   ampl i tude   as  i s  
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shown  in  FIG.  8  for  the  32-view  example.  In  an  a c tua l   scan,  t h e  

r e l a t i o n s h i p   of  PIG.  8  may  not  be  ach ieved   p e r f e c t l y ,   though  that   may  be  

the  goal .   However,  if  i t   is  approx imated   r e l a t i v e l y   well   the  d i s t u r b i n g  

e f f e c t s   on  the  image  w i l l   be  reduced.   The  r e l a t i o n s h i p   of  FIG.  8  can  be  

5  app rox ima ted   if  the  view  order   of  FIG.  6  is  used.  FIG.  6  shows  t h e  

p h a s e - e n c o d i n g   ampl i tude   for  each  view  and  would  be  used  i n s t ead   of  t h a t  

of  FIG.  3 .  

I t   w i l l   be  r ecogn ized   tha t   whatever   order   the  views  are  imp lemen ted ,  

the  measured  data  wi l l   have  to  be  r e o r d e r e d   so  as  to  make  t h e  

10  p h a s e - e n c o d i n g   ampl i tude  be  monotonic  p r i o r   to  r e c o n s t r u c t i n g   the  image 

( i . e . ,   t ak ing   the  inverse   F o u r i e r   t r a n s f o r m   in  the  2FT  method).  When 

t h i s   is  done  for  our  example,  the  r e s u l t i n g   b r i g h t n e s s   for  e a c h  

p h a s e - e n c o d i n g   ampl i tude  is  as  shown  in  FIG.  7.  FIG.  7  is  gene ra t ed   by 

looking   up,  for  each  view,  a  b r i g h t n e s s   value  in  FIG.  4  and  a  

15  p h a s e - e n c o d i n g   ampli tude  in  FIG.  6.  It   wi l l   be  seen  t h a t ,   whereas  t h e  

b r i g h t n e s s   was  varying  at  a  r a t e   of  3  cyc les   per  scan,  if  a  monoton ic  

p h a s e - e n c o d i n g   order  is  used  (FIG.  A),  by  using  the  view  order  of  FIG.  6 ,  

the  a p p a r e n t   f requency  has  been  changed  to  one  cycle  per  scan  (FIG.  7 ) .  

As  a  r e s u l t   of  making  the  motion  appear   to  cover  only  one  cycle  d u r i n g  

20  the  scan,   the  ghosts  should  be  w i th in   a  few  p i x e l s   of  any  source  p o i n t .  

S t r u c t u r e s   far   from  moving  o b j e c t s   should  be  u n d i s t u r b e d .  

Another   embodiment  d e s c r i b e d   in  the  a f o r e m e n t i o n e d   a p p l i c a t i o n   is  t h e  

"high  f requency   sort   mode."  In  accordance   with  t h i s   embodiment,  a  p h a s e -  

encoding  g r a d i e n t   order  is  s e l e c t e d   so  t h a t ,   a f t e r   the  data  acquired  w i t h  

25  the  v a r i o u s   phase -encod ing   g r a d i e n t   a m p l i t u d e s   are  r eo rde red   p r i o r   t o  

r e c o n s t r u c t i o n ,   the  motion  appears   to  be  at  the  h ighes t   p o s s i b l e  

f r e q u e n c y .   The  mo t iva t ion   toward  a  high  f r equency   so r t   is  to  improve  t h e  

image  q u a l i t y   in  the  ne ighborhood  of  the  vary ing   p i x e l s   by  d i s p l a c i n g   t h e  

ghos ts   as  fa r   as  p o s s i b l e .  

30  Again,  the  des i r ed   f i n a l   r e l a t i o n s h i p   between  motion  phase  and  p h a s e  

encoding  ampl i tude   is  f i r s t   s e l e c t e d .   One  way  to  make  the  scan  d a t a  

r e p r e s e n t   a  r ap id ly   varying  ob jec t   is  as  shown  in  FIG.  9.  It  wi l l   be 

seen  tha t   the  objec t   wil l   appear  to  vary  by  a p p r o x i m a t e l y   one-ha l f   c y c l e  

between  a d j a c e n t   phase -encod ing   va lues .   For  the  32-view  case,   f o r  
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example,  one  p o s s i b l e   order   of  p h a s e - e n c o d i n g   ampl i tudes   is  shown  in  FIG. 
10.  When  the  view  order   of  FIG.  10  is  combined  with  the  b r i g h t n e s s   as  a  
f unc t i on   of  view  number  of  FIG.  4  the  r e l a t i o n s h i p   between  b r i g h t n e s s   and 

p h a s e - e n c o d i n g   shown  in  FIG.  11  is  o b t a i n e d .   Because  FIG.  11  h a s  
5  p r i m a r i l y   high  f r equency   components,   the  ghosts   wi l l   be  d i s p l a c e d   as  f a r  

as  p o s s i b l e   (FOV/2)  from  the  source  p i x e l .  

For  a  b r i g h t n e s s   v a r i a t i o n   p a t t e r n   tha t   has  less   symmetry  than  a  
s i n u s o i d ,   the  b r i g h t n e s s   as  a  f u n c t i o n   of  phase  encoding  would  s t i l l  
con ta in   some  low  f requency   c o n t e n t .   For  example,  if  the  s ine   wave  o f  

10  FIG.  4  were  r e p l a c e d   by  the  sawtooth   of  FIG.  12,  the  r e s u l t i n g  
r e l a t i o n s h i p   between  b r i g h t n e s s   and  phase  encoding  would  be  t ha t   shown  i n  
FIG.  13.  Res idua l   low  f requency  components  can  be  seen  in  FIG.  13  as  a  
slow  upward  t rend  from  l e f t   to  r i g h t .   These  r e s i d u a l   low  f r e q u e n c y  
components  de r ive   from  the  low  f requency   components  in  FIG.  9.  While  t h e  

15  s t rong  high  f r equency   components  in  FIG.  13  i n d i c a t e   tha t   much  of  t h e  

ghost  energy  w i l l   be  d i s p l a c e d   far   from  the  source  p i x e l ,   the  r e s i d u a l  

low  f requency  components  wi l l   cause  there   to  be  some  r e s i d u a l   e f f e c t s  

near  the  source  p i x e l ,   a l though  less   than  in  a  low  f requency   s o r t .   T h i s  

performance  can  be  f u r t h e r   improved  by  using  the  r e l a t i o n s h i p   b e t w e e n  
20  motion  phase  and  phase  encoding  as  shown  in  FIG.  14.  The  r e l a t i o n s h i p   o f  

FIG.  14  can  be  approx imated   if  the  view  order  of  FIG.  15  is  used.   I f  

FIG.  15  is  combined  with  the  sawtooth  v a r i a t i o n   of  FIG.  12  the  r e s u l t  

wil l   be  FIG.  16  which  shows  decreased   r e s i d u a l   low  f requency  c o n t e n t .   As 

a  r e s u l t ,   the  ne ighborhood   of  the  source  p ixe l   wi l l   be  less   c o n t a m i n a t e d  

25  with  g h o s t s .  

The  high  f requency   sor t   method  maximizes  the  d i s t a n c e   between  t h e  

ob jec t   and  the  ghos t ,   but  unless   the  scanned  f i e l d   is  s i g n i f i c a n t l y  

l a rge r   than  the  o b j e c t ' s   s i ze ,   ghos ts   could  s t i l l   f a l l   on  the  d e s i r e d  

p o r t i o n s   of  the  image.  The  scanned  f i e l d   of  view  may  be  i n c r e a s e d   by 

30  known  t e chn iques   to  p rov ide   space  tha t   does  not  conta in   i n t e r e s t i n g  

s t r u c t u r e s   but  into  which  ghosts   can  be  thrown.  During  or  a f t e r  

r e c o n s t r u c t i o n   t h i s   ex t ra   region  can  be  d i s ca rded   so  that   the  ghosts   w i l l  

not  be  v i s i b l e   in  the  f i n a l   image.  The  t y p i c a l   way  to  double  the  f i e l d  

of  view  is  to  double  the  number  of  views  while  the  maximum  p h a s e - e n c o d i n g  
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ampl i tude   A  is  kept  cons tan t   (the  p h a s e - e n c o d i n g   ampl i tude   i n c r e m e n t  
max 

is  h a l v e d ) .   This  o r d i n a r i l y   r e q u i r e s   the  scan  time  to  be  doubled  if  TR 

is  kept  c o n s t a n t .  

A  d e s i r a b l e   method  for  i n c r e a s i n g   the  f i e l d   of  view,  in  p a r t i c u l a r  

5  for   doubl ing   the  f i e l d   of  view,  is  d i s c l o s e d   and  c la imed  in  U.S.  P a t e n t  

A p p l i c a t i o n   S e r i a l   No.  673,691,   f i l e d   November  21,  1984  ( a s s igned   to  t h e  

same  a s s i g n e e   and  which  is  i n c o r p o r a t e d   he r e in   by  r e f e r e n c e )   and  may  be 

used  to  conve r t   the  f a c t o r   of  2  normal ly   a l l o t e d   to  removing  s i g n a l  

b a s e l i n e   e r r o r s   (the  use  of  "chopper"  p a i r s ) ,   as  d i s c l o s e d   in  p r e v i o u s l y  

10  r e f e r e n c e d   U.S.  Pa ten t   No.  4 ,443 ,760 ,   into  a  doub l ing   of  the  s c a n n e d  

f i e l d   while  s t i l l   s u p p r e s s i n g   b a s e l i n e   e f f e c t s .   For  example,   i n s t ead   o f  

a c q u i r i n g   128  chopper  p a i r s ,   256  views  each  with  a  s i n g l e   e x c i t a t i o n   can 

be  a cqu i r ed   in  which  the  scanned  f i e l d   of  view  is  doubled .   This  method 

avoids   the  doubl ing   of  the  scan  time  while  it  s t i l l   a l lows   the  ghosts   t o  

15  be  thrown  o u t s i d e   the  des i r ed   image  region  if  a  high  f requency   sor t   i s  

u s e d .  

In  both  the  low  and  high  f requency  so r t   embodiments ,   a  s i t u a t i o n   may 

a r i s e   (because   p h a s e - e n c o d i n g   g r a d i e n t   ampl i tudes   are  not  n e c e s s a r i l y  

implemented  m o n o t o n i c a l l y )   where  a  view  employing  a  la rge   a m p l i t u d e  

20  p h a s e - e n c o d i n g   g r a d i e n t   follows  a  view  with  a  small  a m p l i t u d e  

p h a s e - e n c o d i n g   g r a d i e n t .   Residual   t r a n s v e r s e   m a g n e t i z a t i o n   r e s u l t i n g  

from  the  small  ampl i tude   phase -encod ing   pulse   can  c o r r u p t   the  measurement  

from  the  l a rge   ampl i tude   phase -encod ing   view  with  a  c o n c o m i t a n t  

d e l e t e r i o u s   e f f e c t   on  image  q u a l i t y .   U.S.  Pa ten t   A p p l i c a t i o n   Se r i a l   No. 

25  689,428,   f i l e d   January   7,  1985  ( a s s igned   to  the  same  a s s ignee   as  t h e  

p r e s e n t   i n v e n t i o n   and  which  is  i n c o r p o r a t e d   h e r e i n   by  r e f e r e n c e )  

d i s c l o s e s   and  claims  a  method  for  reduc ing   the  e f f e c t s   of  r e s i d u a l  

t r a n s v e r s e   m a g n e t i z a t i o n .   One  exemplary  sequence  for  accompl i sh ing   t h i s  

w i l l   be  d e s c r i b e d   next  with  r e f e r e n c e   to  FIG.  17.  

30  R e f e r r i n g   now  to  FIG.  17,  the  d e l e t e r i o u s   e f f e c t   of  r e s i d u a l  

t r a n s v e r s e   m a g n e t i z a t i o n   due  to  imper fec t   180°  RF  pu l se s   is  avoided  by 

d e l a y i n g   the  a p p l i c a t i o n   of  a  p h a s e - e n c o d i n g   G  g r a d i e n t   pulse   u n t i l  

a f t e r   the  a p p l i c a t i o n   of  the  180°  RF  pulse   in  i n t e r v a l   3.  Thus,  t h e  

G  p h a s e - e n c o d i n g   g r a d i e n t   pulse  is  app l i ed   in  i n t e r v a l   4.  D e l a y i n g  
y 
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the  a p p l i c a t i o n   of  the  p h a s e - e n c o d i n g   pu lse   may  i n c r e a s e   the  minimum  e c h o  
delay  time.  However,  the  r e v e r s i n g   Gy  pu l se   in  i n t e r v a l   6  is  h i g h l y  
e f f e c t i v e   in  r e v e r s i n g   the  r e s i d u a l   m a g n e t i z a t i o n   e f f e c t s   due  to  the  C 
pulse   in  i n t e r v a l   4.  The  r e s u l t   is  t ha t ,   r e g a r d l e s s   of  the  ampl i tude   o f  

5  the  Gy  p h a s e - e n c o d i n g   g r a d i e n t   pu lse   in  i n t e r v a l   4,  the  m a g n e t i z a t i o n  
is  l e f t   in  the  same  s t a t e   f o l lowing   each  view  so  that   C  h i s t o r y   d o e s  
not  a f f e c t   the  m e a s u r e m e n t s .  

In  the  example  shown  in  FIG.  17,  the  r e v e r s i n g   and  p h a s e - e n c o d i n g  
g r a d i e n t   ampl i tudes   are  chosen  so  as  to  r e t u r n   the  r e s i d u a l   t r a n s v e r s e  

10  m a g n e t i z a t i o n   to  the  s t a t e   it  would  be  in  if  no  p h a s e - e n c o d i n g   g r a d i e n t  
had  been  used  at  a l l .   m  some  a p p l i c a t i o n s ,   a l l   tha t   is  r e q u i r e d   is  t h a t  
the  r e s i d u a l   t r a n s v e r s e   m a g n e t i z a t i o n   be  l e f t   in  the  same  s t a t e   that   i s  
i ndependen t   of  the  p a r t i c u l a r   p h a s e - e n c o d i n g   g r a d i e n t   ampl i tude   used  f o r  
tha t   view.  To  do  t h i s ,   the  sum  of  the  ampl i tude   of  the  p h a s e - e n c o d i n g  

15  g r a d i e n t   and  the  ampl i tude   of  the  r e v e r s i n g   g r a d i e n t   should  be  equal  to  a  
c o n s t a n t .   In  the  example  shown  in  FIG.  17,  the  cons t an t   has  been  c h o s e n  
to  be  equal  to  zero.   In  any  case,   as  the  ampl i tude   of  the  p h a s e - e n c o d i n g  
g r a d i e n t   v a r i e s ,   so  does  the  ampl i tude   of  the  r e v e r s i n g   g r a d i e n t .  

It  can  be  r ecogn ized   tha t   one  key  to  the  s u c c e s s f u l   r e d u c t i o n   o f  
20  m o t i o n - i n d u c e d   a r t i f a c t s   is  the  choice  of  the  order   in  which  t h e  

p h a s e - e n c o d i n g   g r a d i e n t   ampl i tudes   are  used.  Re turn ing   now  to  the  method 
by  which  th is   view  order   is  s e l e c t e d ,   the  methods  d e s c r i b e d   in  t h e  
a f o r e m e n t i o n e d   a p p l i c a t i o n   rely  on  s u b s t a n t i a l   p e r i o d i c i t y   in  t h e  
o b j e c t ' s   motion  and  a - p r i o r i   knowledge  of  the  motion  f r equency .   T h i s  

25  knowledge  is  used,  along  with  the  time  between  t empora l ly   s e q u e n t i a l  
views  (the  view  increment   time  s e l e c t e d   by  the  o p e r a t o r   or  p r e - s e t )   t o  
s e l e c t   a  view  order   p r i o r   to  a c q u i s i t i o n   of  the  scan  data .   B r i e f l y ,   t h e  
known  view  increment   time  and  the  assumed  motion  per iod  are  used  t o  
c a l c u l a t e   the  r e l a t i v e   motion  phase  at  the  time  each  view  wi l l   be  

30  a c q u i r e d .   Using  va r ious   s o r t i n g   schemes,  a  unique  p h a s e - e n c o d i n g  
ampl i tude   is  a ss igned   to  each  view  in  a  manner  that   wil l   cause  t h e  
d e s i r e d   r e l a t i o n s h i p   between  r e l a t i v e   motion  phase  and  phase  encoding  t o  
be  s a t i s f i e d   as  well  as  is  p o s s i b l e .   This  method  is  idea l   if  the  s i g n a l  
v a r i a t i o n s   wi l l   indeed  be  p e r i o d i c   and  at  the  assumed  f r e q u e n c y .  
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However,  if  the  motion  per iod   d i f f e r s   from  the  assumed  value  or  v a r i e s  

dur ing   the  scan  the  e f f i c i e n c y   of  a r t i f a c t   r e d u c t i o n   wi l l   be  d i m i n i s h e d .  

In  accordance   with  the  p r e s e n t   i n v e n t i o n ,   the  p h a s e - e n c o d i n g   g r a d i e n t  

ampl i tude   in  each  view  (in  e i t h e r   the  l o w - f r e q u e n c y   sor t   mode  or  t h e  

5  h i g h - f r e q u e n c y   sor t   mode)  is  s e l e c t e d   j u s t   p r i o r   to  the  s t a r t   of  t h e  

pu l se   sequence  for  tha t   view  and  depends  on  the  phase  of  the  s i g n a l  

v a r i a t i o n   at  tha t   po in t   in  t ime.  Thus,  the  f i n a l   view  order   ( i . e . ,   t h e  

t empora l   order   in  which  the  p h a s e - e n c o d i n g   a m p l i t u d e s   are  imp lemen ted )  

depends  on  the  measured  phase  dur ing  the  scan.   In  t h i s   manner,  the  v i e w  

10  o rder   can  be  c o n t i n u o u s l y   a d j u s t e d   to  ob ta in   optimum  a r t i f a c t   r e d u c t i o n .  

It  is  impor tan t   to  the  i n v e n t i o n   tha t   motion  phase  i n f o r m a t i o n   be  

a v a i l a b l e   dur ing  the  e n t i r e   scan.  Since  one  i m p o r t a n t   a p p l i c a t i o n   of  t h e  

i n v e n t i o n   r e l a t e s   to  r e d u c t i o n   of  ghost   a r t i f a c t s   due  to  p a t i e n t   n o t i o n  

caused  by  r e s p i r a t i o n ,   a  r e s p i r a t i o n   moni tor   is  r e q u i r e d   to  p rov ide   t h i s  

15  i n f o r m a t i o n .   S u i t a b l e   appa ra tus   and  method  for   measuring  and  c a l c u l a t i n g  

motion  phase  wi l l   be  de sc r i bed   h e r e i n a f t e r .   For  the  p r e s e n t ,   i t   w i l l   b e  

assumed  tha t   i n fo rma t ion   about  motion  phase  is  a v a i l a b l e .   I t   w i l l   be  

r e c o g n i z e d   tha t   r e s p i r a t o r y   motion  is  used  for   purposes   of  i l l u s t r a t i o n ,  

and  tha t   the  i n v e n t i o n   is  a p p l i c a b l e   to  o the r   types  of  s igna l   v a r i a t i o n s  

20  d e s c r i b e d   h e r e i n b e f o r e .  

The  i n v e n t i o n   wil l   be  d e s c r i b e d   in  d e t a i l   as  a p p l i e d   to  the  commonly 

used  2DFT  imaging  method.  This  is  only  as  an  example  s ince ,   as  wil l   be  

d e s c r i b e d   he re inbe low,   the  method  is  a p p l i c a b l e   to  o the r   imaging  me thods ,  

such  as  3DFT  and  m u l t i p l e   angle  p r o j e c t i o n   r e c o n s t r u c t i o n .  

25  S e l e c t i o n   of  the  sort   mode  ( e . g . ,   high  f requency   sor t   or  low 

f r equency   s o r t )   and  the  number  of  views  or  p h a s e - e n c o d i n g   g r a d i e n t  

ampl i t ude   va lues   to  be  used  in  the  scan  d e f i n e s   the  d e s i r e d   r e l a t i o n s h i p  

between  motion  phase  and  p h a s e - e n c o d i n g   a m p l i t u d e .   For  example,  FIGS.  8 ,  

9  and  14  show  three  p o s s i b l e   r e l a t i o n s h i p s   for   the  32-view  case.   It  can  

30  be  seen  tha t   the  de s i r ed   r e l a t i o n s h i p   is  d e f i n e d   at  a  f i n i t e   number  o f  

d i s c r e t e   po in t s   in  motion  phase,   t y p i c a l l y   equal   to  the  number  of  v i ews  

to  be  a c q u i r e d ,   and  for  each  d i s c r e t e   value  of  motion  phase  there   is  a  

unique  c o r r e s p o n d i n g   p h a s e - e n c o d i n g   amp l i t ude .   P r i o r   to  the  i n i t i a t i o n  

of  the  scan,  the  des i r ed   r e l a t i o n s h i p   is  t a b u l a t e d   by  motion  p h a s e .  



0 2 1 8 8 3 8  

-  23  -  
Thus,  the  t a b l e   c o n t a i n s   an  en t ry   for  each  of  a  f i n i t e   set  of  values   o f  
r e s p i r a t o r y   phase ,   each  en t ry   c o n t a i n i n g   the  d e s i r e d   p h a s e - e n c o d i n g  
ampl i tude   v a l u e .  

Immedia te ly   be fo re   the  s t a r t   of  the  pu lse   sequence  for   the  f i r s t  
view,  a  r ead ing   of  the  motion  phase  is  taken  by  the  r e s p i r a t i o n   m o n i t o r .  
In  g e n e r a l ,   the  motion  phase  may  not  be  equal  to  the  motion  phase  of  one 
of  the  e n t r i e s   in  the  t a b l e .   If  i t   does,  the  c o r r e s p o n d i n g  
p h a s e - e n c o d i n g   value  is  s e l e c t e d .   If  it  does  not  co r respond   e x a c t l y   t o  
one  of  the  e n t r i e s ,   the  ent ry   whose  motion  phase  is  c l o s e s t   to  t h e  

0  measured  motion  phase  is  s e l e c t e d .   In  e i t h e r   case,   a  p h a s e - e n c o d i n g  
ampl i tude   value  is  s e l e c t e d   and  implemented  in  the  pulse   sequence  of  t h e  
view  to  be  p layed  out  immedia te ly .   The  t ab le   en t ry   that   was  s e l e c t e d   and 
was  j u s t   used  is  removed  from  the  t a b l e .  

Immedia te ly   p r i o r   to  the  beg inn ing   of  the  pulse   sequence  for  t h e  
5  second  view  ano the r   r ead ing   of  the  r e s p i r a t i o n   moni tor   is  taken  and  a 

p h a s e - e n c o d i n g   value  is  s e l e c t e d   from  those  remaining  in  the  t ab le   by 
choosing  the  one  whose  c o r r e s p o n d i n g   idea l   motion  phase  is  c l o s e s t   to  t h e  
measured  motion  phase.   The  s e l e c t e d   phase -encod ing   ampl i tude   is  used  and 
the  c o r r e s p o n d i n g   t ab l e   en t ry   is  d e l e t e d .   The  p rocess   c o n t i n u e s   in  t h i s  

»0  way  u n t i l   a l l   views  (and  a l l   phase -encod ing   ampl i t udes )   are  t aken .   The 
method  j u s t   d e s c r i b e d   wi l l   be  r e f e r r e d   to  as  the  "normal  scan"  method  t o  
be  d i f f e r e n t i a t e d   from  the  "overscan"   method  to  be  d e s c r i b e d   below.  As 
the  views  are  a c q u i r e d ,   note  is  made  of  the  order   in  which  t h e  
phase -encod ing   a m p l i t u d e s   were  used  s ince  the  scan  data  must  be  r e o r d e r e d  

>5  p r i o r   to  or  as  pa r t   of  the  image  r e c o n s t r u c t i o n   c a l c u l a t i o n s .   Also,  n o t e  
can  be  made  of  the  motion  phase  e r r o r   for  each  view.  The  motion  p h a s e  
e r ro r   is  the  d i f f e r e n c e   between  the  ideal   motion  phase  for  the  s e l e c t e d  
phase -encod ing   ampl i tude   and  the  a c tua l   measured  motion  p h a s e .  

In  g e n e r a l ,   views  acqu i red   ea r ly   in  the  scan  wi l l   have  very  s m a l l  
JO  r e s p i r a t o r y   phase  e r r o r s   s ince  many  table   e n t r i e s   are  a v a i l a b l e   from 

which  the  n e a r e s t   is  s e l e c t e d .   Toward  the  end  of  the  scan,  however ,  
fewer  and  fewer  e n t r i e s   are  a v a i l a b l e   and  so,  in  gene ra l ,   the  p h a s e  
e r ro r s   become  l a r g e r .   At  the  time  of  the  l a s t   a c q u i s i t i o n   there   is  o n l y  
one  entry  l e f t   in  the  t ab le   and  th i s   phase -encod ing   ampl i tude   wi l l   be  
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s e l e c t e d   r e g a r d l e s s   of  the  a c tua l   r e s p i r a t o r y   phase.   Thus,  t he re   may  be  

some  views,   those  a cqu i r ed   toward  the  end  of  the  scan,  t h a t   have  r a t h e r  

s u b s t a n t i a l   r e s p i r a t o r y   phase  e r r o r s .   It   has  been  found  tha t   t h i s   is  n o t  

d i s a s t r o u s   s ince   by  far   most  views  have  very  small  e r r o r s   and  they  form  ' 

5  the  ba s i s   for  the  d e s i r e d   r e l a t i o n s h i p   between  r e s p i r a t o r y   phase  and  

phase  encoding.   However,  some  b e n e f i t   can  be  ach ieved   if  these   l a r g e  

e r r o r s   are  r e d u c e d .  

Er ror   r e d u c t i o n   is  accompl ished   by  employing  an  "overscan** 

c a p a b i l i t y .   In  the  overscan   mode,  the  number  of  a c q u i s i t i o n s   ( v i e w  

10  measurements)   is  i n c r e a s e d   by  some  amount,  e . g . ,   20,  while   the  number  o f  

p h a s e - e n c o d i n g   ampl i tude   values   or  r e c o n s t r u c t i o n   views  ( i . e . ,   the  128,  
t 

256  or  512  needed  for  image  r e c o n s t r u c t i o n )   is  l e f t   unchanged.   The 

overscan   views  are  used  to  reduce  the  r e s p i r a t o r y   phase  e r r o r s .   One  way 

to  accompl i sh   th i s   is  to  f i r s t   a c q u i r e   data  for  a l l   p h a s e - e n c o d i n g  

15  amp l i t udes   as  d e s c r i b e d   above  and  no t ing   for  each  the  a b s o l u t e   value  o f  

the  r e s p i r a t o r y   phase  e r r o r .   Af te r   the  "normal  scan"  p roce s s   i s  

comple ted ,   the  a d d i t i o n a l   overscan  views  are  a cqu i r ed .   Immedia te ly   p r i o r  

to  the  i n i t i a t i o n   of  the  pulse  sequence  for  each  ove r scan   view,  a  

r e s p i r a t i o n   sample  of  the  moni tor   is  taken.   For  each  p h a s e - e n c o d i n g  

20  ampl i tude   va lue ,   the  r e s p i r a t o r y   phase  e r r o r   tha t   would  r e s u l t   if  t h a t  

g r a d i e n t   value  were  used  is  c a l c u l a t e d   by  s u b t r a c t i n g   the  c u r r e n t  

r e s p i r a t o r y   motion  phase  from  the  idea l   r e s p i r a t o r y   motion  phase  for  tha t   , 

g r a d i e n t   ampl i tude .   The  amount  by  which  the  r e s p i r a t o r y   motion  phase  j 

e r r o r   for  t h i s   g r a d i e n t   ampl i tude   value  would  be  reduced  ( the  ! 

25  improvement)  is  c a l c u l a t e d   by  s u b t r a c t i n g   the  a b s o l u t e   va lue   of  t h e  

r e s p i r a t o r y   phase  e r r o r   j u s t   c a l c u l a t e d   from  the  a b s o l u t e   value  of  t h e  

phase  e r r o r   tha t   r e s u l t e d   from  the  p r i o r   a c q u i s i t i o n   using  t h i s   g r a d i e n t  

ampl i tude .   The  p h a s e - e n c o d i n g   g r a d i e n t   ampl i tude   of  the  view  whose  e r r o r  

is  reduced  the  most  (the  one  with  the  l a r g e s t   improvement)  is  s e l e c t e d  

30  and  p layed  out.  Note  is  made  of  the  value  s e l e c t e d   and,  assuming  t h a t  

the  new  phase  e r r o r   is  smal le r   than  the  old  phase  e r r o r ,   note  is  made  o f  

the  new  phase  e r r o r .   For  image  r e c o n s t r u c t i o n   only  the  data  a c q u i r e d  

with  the  s m a l l e s t   motion  phase  e r r o r   for  each  phase -encod ing   ampl i tude   i s  

u s e d .  
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In  l i gh t   of  the  fo rego ing   d i s c l o s u r e ,   o ther   methods  and  m o d i f i c a t i o n s  

wi l l   be  ev iden t   to  those  s k i l l e d   in  the  a r t .   Thus,  the  overscan   v i ews  

and  the  "normal"  views  could  be  i n t e r m i n g l e d .   For  example,  if  t h e  

phase -encod ing   ampl i tude   s e l e c t e d   by  the  "normal  scan"  method  would 

5  r e s u l t   in  a  la rge   r e s p i r a t o r y   phase  e r r o r   but  the  cu r r en t   r e s p i r a t o r y  

phase  would  r e s u l t   in  a  s u b s t a n t i a l   improvement  to  a  p r e v i o u s l y   u s e d  

g r a d i e n t   value  an  overscan  view  could  be  acqui red   and  the  comple t ion   o f  

the  "normal  scan"  could  be  d e l a y e d .  

As  was  d i s c u s s e d   b e f o r e ,   there   are  a p p l i c a t i o n s   in  which  it   i s  

10  d e s i r a b l e   to  combine  s eve ra l   measurements  made  at  the  same  phase  e n c o d i n g  

for  purposes   of  improving  the  s i g n a l - t o - n o i s e   r a t i o   and/or   s u b t r a c t i n g  

b a s e l i n e   e f f e c t s .   One  way  t h i s   can  be  accommodated  is  to  a cqu i r e   a l l   o f  

the  measurements  tha t   wi l l   be  combined  s e q u e n t i a l l y   one  r i g h t   a f t e r   t h e  

o ther ,   a l l   a f t e r   a  s ing le   r e s p i r a t o r y   phase  sample.  However,  if  th i s   i s  

15  done  the  va r ious   measurements   wi l l   have  been  acqui red   at  r e s p i r a t o r y  

phases  tha t   d i f f e r   by  some  u n c o n t r o l l e d   amount.  More  c o n s i s t e n t   r e s u l t s  

are  ob ta ined   if  a l l   the  measurements  are  acqui red   at  c o n t r o l l e d  

r e s p i r a t i o n   phases .   For  example,  i t   may  be  d e s i r a b l e   to  have  a l l   t h e  

component  measurements  made  at  the  same  r e s p i r a t o r y   phase.  This  can  be 

20  done  i f ,   for  example,  a f t e r   a  p a r t i c u l a r   phase -encod ing   ampl i tude   v a l u e  

is  s e l e c t e d   for  the  f i r s t   time,  the  t ab le   entry  is  not  d i s c a r d e d .  

Rather ,   note  is  made  tha t   the  p a r t i c u l a r   phase -encod ing   value  has  b e e n  

used  once.  Since  the  p h a s e - e n c o d i n g   value  is  s t i l l   in  the  t a b l e ,  

whenever  a  sample  is  made  at  an  a p p r o p r i a t e   r e s p i r a t o r y   phase,   t h e  

25  phase -encod ing   value  can  be  used  again.   Only  a f t e r   the  r e q u i s i t e   number 

of  measurements  are  c o l l e c t e d   is  the  table   entry  d i s c a r d e d .  

B q u i v a l e n t l y   ,  m u l t i p l e   t ab l e   e n t r i e s   could  be  made  for  e a c h  

phase -encod ing   ampl i tude .   In  o ther   a p p l i c a t i o n s ,   i t   may  be  d e s i r a b l e   t o  

p u r p o s e f u l l y   make  the  component  measurements  for  one  view  at  d i f f e r e n t  

30  but  known  r e s p i r a t o r y   phases ,   s ince  th i s   may  reduce  the  m o t i o n - r e l a t e d  

i n c o n s i s t e n c i e s   between  views.  In  o ther   words,  i n c o n s i s t e n c i e s   be tween  

views  are  the  source  of  m o t i o n - r e l a t e d   a r t i f a c t s .   To  the  ex t en t   t h a t  

each  view  more  c l o s e l y   r e f l e c t s   the  "average"   objec t   p o s i t i o n   ( f o r  

example,  by  combining  measurements   at  d i f f e r e n t   motion  phases  to  make  up 
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each  view)  v i e w - t o - v i e w   i n c o n s i s t e n c i e s   wi l l   be  d imin i shed .   To 

accompl i sh   t h i s ,   m u l t i p l e   t ab le   e n t r i e s   would  be  made  for  each  view,  one 
en t ry   for  each  component  pulse   sequence.   In  any  case ,   the  d i f f e r e n t  
measurements   and  t h e i r   c o r r e s p o n d i n g   r e s p i r a t o r y   phase  e r r o r s   must  be  

5  kept  t r a c k   of  s e p a r a t e l y .   It  should  be  r e c a l l e d   tha t   i t   is  the  s i g n a l  
v a r i a t i o n   as  a  f unc t i on   of  g r a d i e n t   p a r a m e t e r s   tha t   de te rmines   t h e  
c h a r a c t e r   of  the  a r t i f a c t s .   If  m u l t i p l e   pu lse   sequences   are  implemen ted  
for  each  g r a d i e n t   pa ramete r   va lue ,   i t   is  the  s i g n a l   v a r i a t i o n s   a v e r a g e d  
over  these   m u l t i p l e   pulse  sequences  tha t   d e f i n e s   the  a r t i f a c t s 1  

10  c h a r a c t e r i s t i c s .  

In  some  a p p l i c a t i o n s   it  may  not  be  n e c e s s a r y ,   p o s s i b l e   or  d e s i r a b l e  
to  measure  the  motion  phase  immedia te ly   p r i o r   to  each  view.  It  should  be  
c l e a r   tha t   the  p r e s e n t   i n v e n t i o n   may  be  a d v a n t a g e o u s l y   p r a c t i c e d   if  p h a s e  
measurements   are  made  at  va r ious   p o i n t s   dur ing  the  scan  and  the  v i e w  

15  o rder   s e l e c t i o n   is  based  on  these  measurements ,   for  example,  by 
e x t r a p o l a t i n g   from  the  measured  va lues ,   phase  va lues   for  views  for  wh ich  
measurements   are  n e e d e d .  

The  view  o rders   shown  in  FIGS.  6,  10,  and  15  were  gene ra t ed   using  t h e  
methods  of  the  a fo remen t ioned   p a t e n t   a p p l i c a t i o n   (15-NM-2673)  which  r e l y  

20  on  a - p r i o r i   knowledge  of  the  motion  pe r iod .   The  view  o rders   tha t   would 
be  g e n e r a t e d   by  the  p re sen t   method  would  be  somewhat  d i f f e r e n t .   If  t h e  
motion  is  indeed  p e r i o d i c   at  the  assumed  f r e q u e n c y ,   the  use  of  t h e  
a - p r i o r i   knowledge  produces  a  s u p e r i o r   r e s u l t   s ince   the  r e l a t i v e  
r e s p i r a t o r y   phase  at  the  time  each  view  is  a c q u i r e d   can  be  p r e d i c t e d  

25  ahead  of  time  and  the  phase -encod ing   a m p l i t u d e s   can  be  a s s i g n e d  
o p t i m a l l y .   However,  the  p r e sen t   method  is  s u p e r i o r   in  the  more  commonly 
e n c o u n t e r e d   s i t u a t i o n s   where  the  motion  is  not  p e r f e c t l y   p e r i o d i c   s i n c e  
the  p h a s e - e n c o d i n g   ampl i tudes   are  a ss igned   while  the  scan  data  is  b e i n g  
a c q u i r e d   and  so  the  method  can  a d j u s t   to  vary ing   motion  p e r i o d .  

30  For  idea l   o p e r a t i o n   of  the  new  order   s e l e c t i o n   methods  d e s c r i b e d  
above,  the  d i s t r i b u t i o n   of  r e s p i r a t i o n   phases  should  be  uniform.  Tha t  
is ,   a l l   phase  va lues   should  be  equa l ly   l i k e l y   to  occur  on  the  a v e r a g e  
s ince   the re   is  a  one - to -one   mapping  of  r e s p i r a t o r y   phase  to  g r a d i e n t  
a m p l i t u d e .   Thus,  r e a sonab le   r equ i r emen t s   for  any  method  for  g e n e r a t i n g  
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r e s p i r a t i o n   phases  is  that   a l l   output   values   be  equa l ly   l i k e l y   and  t h a t ,  
if  the  r e s p i r a t o r y   phase  values   at  two  p o i n t s   in  time  are  c l o s e ,   then  t h e  
o b j e c t ' s   s p a t i a l   o r i e n t a t i o n   at  those  times  must  also  be  s i m i l a r .  

A  system,  g e n e r a l l y   d e s i g n a t e d   180,  capable   of  supp ly ing   r e s p i r a t o r y  
5  phase  values   is  shown  in  block  schemat ic   form  in  FIG.  18.  The  system  i s  

composed  of  a  r e s p i r a t o r y   t r a n s d u c e r   182  which  c o n v e n i e n t l y   may  be  a 
pneumatic  bel lows  or  p r e s s u r e   sensor   for  p rov id ing   an  e l e c t r i c a l   o u t p u t  
s igna l   to  an  a m p l i f i e r   184  in  response   to  p r e s s u r e   changes  in  t h e  
bel lows.   The  a m p l i f i e d   s i gna l   is  d i g i t i t i z e d   in  an  ana log-   t o - d i g i t a l  

10  (A/D)  c o n v e r t e r   186  and  app l i ed   to  p r o c e s s o r   188  which  c a l c u l a t e s   t h e  
needed  phase  va lues .   The  phase  value  computed  by  the  p r o c e s s o r   i s  
app l ied   to  PCM  112  (FIG.  1)  which  then  g e n e r a t e s   the  c o r r e c t   ampl i tude   o f  
the  phase - encod ing   g r a d i e n t   as  d e s c r i b e d   above.  The  PCM  s u p p l i e s   t h e  
computer  110  with  the  view  order   for  image  r e c o n s t r u c t i o n   p u r p o s e s .  

15  FIG.  19  shows  a  p lo t   of  a  r e p r e s e n t a t i v e   r e s p i r a t o r y   cycle   curve  190 
showing  the  s igna l   y(t>  tha t   might  be  measured  using  a  r e s p i r a t i o n  
monitor   as  a  f u n c t i o n   of  time.  Four  b rea th   cycles   are  shown  in  c u r v e  
190.  Signal   peaks  191-194  co r respond   to  peak  i n s p i r a t i o n   when  the  l u n g s  
are  expanded  while  the  shal low  p l a t e a u s   of  low  s igna l   l eve l   between  t h e  

20  peaks  cor respond   to  end  e x p i r a t i o n .  

One  way  to  gene ra t e   r e s p i r a t i o n   phase  values  is  to  r ecogn ize   a 
f e a t u r e   in  waveform  190,  for  example,  f i d u c i a l   po in t s   l a b e l l e d   195-198  i n  
FIG.  19.  Well-known  s igna l   p r o c e s s i n g   methods  can  be  used  to  r e c o g n i z e  
these  p o i n t s .   Po in ts   195-198  are  ass igned   the  same  r e s p i r a t o r y   p h a s e  

25  va lues ,   for  example,  zero.  It  is  de s i r ed   to  ass ign   phase  values   t o  
po in t s   between  the  po in t s   l a b e l l e d   195  and  196,  196  and  197,  and  197  and 
198.  Points   between  po in t s   195  and  196  are  ass igned   m o n o t o n i c a l l y  
i n c r e a s i n g   phase  va lues ,   as  i n d i c a t e d   by  segment  199  of  phase  waveform 
200  shown  below  curve  190  in  FIG.  19.  The  slope  of  curve  segment  199  i s  

30  i n v e r s e l y   p r o p o r t i o n a l   to  the  average  r e s p i r a t i o n   per iod .   The  a v e r a g e  
r e s p i r a t o r y   per iod   can  be  c a l c u l a t e d   from  the  p rev ious   s eve ra l   ( e . g . .   A) 
b r e a t h s .   When  the  next  f i d u c i a l   po in t   196  is  d e t e c t e d ,   the  phase  i s  
r e se t   to  zero;  e . g . ,   at  point   201  of  phase  curve  200.  A  new  a v e r a g e  
r e s p i r a t i o n   per iod   can  be  c a l c u l a t e d   using  the  newly  f i n i s h e d   b rea th   a s  
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an  a d d i t i o n a l   p o i n t .   After   point   196  the  output   phase  again  i n c r e a s e s  

l i n e a r l y   in  segment  202  of  curve  200.  The  p rocess   c o n t i n u e s   in  th i s   way, 

a s s i g n i n g   a l l   p o i n t s   a  phase  value  p r o p o r t i o n a l   to  the  time  s ince   t h e  

p r e v i o u s   f i d u c i a l   p o i n t .  

5  Because  not  a l l   b r ea ths   are  of  equal  l e n g t h ,   a  s h o r t e r -   t h a n - a v e r a g e  

b r e a t h ,   such  as  the  one  between  po in t s   196  and  197,  may  be  observed .   I t  

can  be  a p p r e c i a t e d   tha t   the  phase  wi l l   be  r e s e t   to  zero  p r i o r   to  i t s  

r e a c h i n g   i t s   expec ted   maximum  value.   Some  b r e a t h s ,   such  as  the  one 

between  p o i n t s   197  and  198,  may  be  longer   than  expec ted .   In  these   c a s e s  

10  the  phase  va lues   may  have  to  be  r e s t r i c t e d   to  not  r i s e   above  some  v a l u e  

i d e n t i f i e d   by  numeral  208  on  phase  curve  200.  This  method  can  p r o v i d e  

the  s o r t i n g   scheme  i n s t a n t a n e o u s   e s t i m a t e s   of  r e s p i r a t i o n   phase ,   e v e n  

though  e r r o r s   wi l l   r e s u l t   if  b r ea ths   e i t h e r   longer   or  s h o r t e r   t h a n  

expec ted   are  obse rved .   However,  these  e r r o r s   wi l l   be  small  for  s m a l l  

15  pe r iod   v a r i a t i o n s .   Also,  s ince  the  method  does  re ly   on  a c t u a l   s i g n a l  

f e a t u r e s   and  a u t o m a t i c a l l y   a d j u s t s   for  t r ends   in  the  r e s p i r a t i o n   p e r i o d ,  

e r r o r s   should   be  shor t   l a s t i n g .  

Improved  pe r formance   could  be  achieved  if  more  than  one  f i d u c i a l  

po in t   per  cycle   is  r ecognized .   For  example,  the  p o i n t s   l a b e l l e d   191-194 

20  could  be  r e c o g n i z e d   and  ass igned   the  same  phase  va lue ,   the  value  b e i n g  

p r o p o r t i o n a l   to  the  f r a c t i o n   of  the  per iod   encompassed  between  the  two 

f i d u c i a l   p o i n t s .   Using  the  a d d i t i o n a l   f i d u c i a l   p o i n t s   the  occu r r ence   o f  

a  b r e a t h   tha t   is  s h o r t e r   or  longer  than  average  can  be  d e t e c t e d   e a r l i e r  

and  e r r o r s   can  be  m i n i m i z e d .  

25  A  method  t ha t   r eac t s   more  qu ick ly   to  changes  in  the  r e p i r a t i o n  

p a t t e r n   would  be  p r e f e r r e d .   Also,  there   is  more  i n f o r m a t i o n   c o n t a i n e d   i n  

the  r e s p i r a t i o n   waveform  than  is  e x t r a c t e d   by  d e t e c t i o n   of  one  or  a  few 

f i d u c i a l   p o i n t s .   For  example,  the  po in t s   l a b e l l e d   204  and  206  r e p r e s e n t  

s i m i l a r   o b j e c t   o r i e n t a t i o n s   even  though  these  p o i n t s   are  on  o p p o s i t e  

30  s ides   of  peak  i n s p i r a t i o n .   A  method  capable   of  us ing  t h i s   i n f o r m a t i o n  

would  be  u s e f u l .   However,  the  measured  waveform  cannot  be  used  d i r e c t l y  

s ince   the  waveform  ampli tude  is  d i f f e r e n t   for  d i f f e r e n t   i n d i v i d u a l s ,   and 

also  because  some  waveform  va lues ,   such  as  those  in  end  e x p i r a t i o n ,   o c c u r  

more  o f t en   than  o t h e r s .   Thus,  before   a  waveform  such  as  190  can  be  u s e d  
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i t   must  be  p rocessed   so  as  to  meet  the  r e q u i r e m e n t s   of  the  view  o r d e r  
c a l c u l a t i o n   method.  Such  a  p r o c e s s i n g   method  wi l l   now  be  d e s c r i b e d .  

A  t r a n s f e r   f u n c t i o n   is  c a l c u l a t e d   from  the  p r eced ing   one  or  s e v e r a l  
b r ea th   pe r iods   which  r e l a t e s   the  ou tput   phase  to  the  input   s i g n a l .   The 

5  approach  taken  is  based  on  the  r e q u i r e m e n t   tha t   the  f r e q u e n c y  
d i s t r i b u t i o n   of  output   phases  should  be  uniform  even  though  the  i n p u t  
d i s t r i b u t i o n   may  not  b e .  

Let  y ( t ) ,   - T 5 t <   0  be  a  set  of  measurements   of  the  b r e a t h i n g  
s igna l   as  a  f unc t ion   of  time  over  the  p r e v i o u s   T  seconds.   F u r t h e r ,   l e t  

10  My)  *  dN(y)/dy  be  the  p r o b a b i l i t y   d e n s i t y   f u n c t i o n   for  y( t )   ,  i . e . ,  
dN/dy  is  the  number  of  o c c u r r e n c e s   of  the  s igna l   with  ampl i tudes   b e t w e e n  
y  and  y  +  dy.  This  f unc t i on   is  a lso  known  as  the  f requency  h i s t og ram  o f  
y ( t ) .   The  f requency  h i s tog ram  for  curve  190  (FIG.  19)  is  shown  in  FIG. 
20.  The  non-uni form  h i s togram  of  y ( t )   is  e a s i l y   seen.  It  is  d e s i r e d   t o  

15  map  these  s i g n a l s   to  the  d e s i r e d   phase  range,   for  example,  0  to  1.  One 
ma thema t i ca l   method  tha t   can  be  used  for  t h i s   purpose  is  known  a s  
h i s tog ram  e q u a l i z a t i o n .   According  to  t h i s   method,  the  d e s i r e d   p h a s e  
t r a n s f e r   func t ion   C  (y)  is  given  by 

20  * < * > - - L   {  h ( y ' ) d y   
§  ( 1 1 )  

where  N  is  a  n o r m a l i z a t i o n  o 

25  No  -  C°°  h (y ' )   dy '  ( 12 )  

Mext,  i t   wi l l   be  shown  that   the  p r o b a b i l i t y   d e n s i t y   dll/d  $  for  t h e  
phase  <|>  is  uniform,  as  d e s i r e d ,   when  the  input   is  y ( t ) .   A p p l i c a t i o n  
of  the  chain  rule  y i e l d s :  

30 

dN  _  dN  dy  , , , *  TT  —  -  —  -  7*  .  i U /  d$  dy  d  $ 

dN  /  _d_c. 
dy  /  dy 
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From  Equat ion   ( 1 1 ) ,  

d  <t>  /dy  =  1  dN  .  ( 1 4 )  

No  dy 

Thus,  from  Equa t ions   (13)  and  ( 1 4 ) ,  

dN  _dN_  l £ ± -   J ! L \   ,  ( 1 5 )  
~ W   "  dy  / U   dy  )  

10  "o 

which  is  indeed  a  c o n s t a n t .   Thus  <$>  (y)  s a t i s f i e s   the  r e q u i r e m e n t   t h a t  

when  the  input   s igna l   is  a c c u r a t e l y   d e s c r i b e d   by  the  h i s t og ram  of  t h e  

p r e c e d i n g   i n t e r v a l ,   the  h i s t o g r a m   of  the  ou tpu t   measure  4>  *=  4>  Cy>  w i l l  

span  the  phase  i n t e r v a l   (0  to  1)  with  uni form  f requency   d e n s i t y .  

15  Equa t ion   (11)  can  also  be  i n t u i t i v e l y   thought   of  as  s e t t i n g   $(?„> 

equal   to  the  f r a c t i o n   of  the  time  tha t   y ( t )   has  an  ampl i tude   less   t h a n  

y  .  In  a  d i s c r e t e   i m p l e m e n t a t i o n ,   Equat ion   (11)  then  can  be  r e w r i t t e n  
o 

a s  

20  C(y)  =  (ML  +  1/2NE)/NT  ,  ( 1 6 )  

where  N  is  the  number  of  r ead ings   in  T  seconds,   while  H  is  t h e  
T  *• 

number  of  r ead ings   in  the  p r e v i o u s   T  seconds  whose  ampl i tude   is  less   t h a n  

y  and  N  is  the  number  of  r e ad ings   in  the  p r ev ious   T  seconds  whose 

25  ampl i tude   is  equal  to  y.  Note  tha t   with  t h i s   approach,   the  h i s t og ram  I s  

never  r e a l l y   g e n e r a t e d .   I n s t e a d ,   the  r e q u i r e d   poin t   in  the  i n t e g r a l  

h i s t o g r a m   is  g e n e r a t e d   when  i t   is  n e e d e d .  

Thus,  the  method  is  d e s c r i b e d   by  the  f o l l o w i n g :  

3Q  i)  some  number,  for  example,  1000  samples  of  the  r e s p i r a t i o n  

waveform  (190  in  FIG.  19)  are  a c q u i r e d   and  s to red   in  a  b u f f e r .  

The  f o l l o w i n g   is  then  performed  for  every  subsequen t   sample,  which,  f o r  

example,  occurs  during  the  imaging  s e q u e n c e .  
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2)  The  new  s a ^ l e   y ( t )   is  a cqu i r ed   "and  
s to red   in  the  data  b u f f e r  

If  n e c e s s a r y ,   the  o l d e s t   sample  in  the  b u f f e r   is  d i s c a r d e d .  

3)  y( t )   is  compared  with  the  p r ev ious   samples ,   V  and  V  a r e  
c a l c u l a t e d ,   and  the  phase  is  computed  us ing  Equat ion  (16).   

E 

Kote,  t h e r e f o r e ,   tha t   in  e f f e c t   the  p r o b a b i l i t y   d i s t r i b u t i o n   f u n c t i o n   i s  
c o n t i n u a l l y   updated  dur ing   the  scan  so  tha t   slow  changes  in  t h e  
r e s p i r a t i o n   p a t t e r n   are  accommodated.  

10  The  p r e f e r r e d   embodiments  of  the  l n v e n U o n   „ , „   ^   ^ ^  h e r e i n . b o v e   with  r e f e r e n c e   to  .  2DFT  i M g i n s   . . , „ . „ „ .   „ , .   ^ ^  
however,   not  „   l i f t e d   .nd  ma,  ln  f . c t   be  . d v M U g e o u t l y   M   ^  o the r   i m . t l n 8   pu lM  s e , u e n c M   tuch  m  for  ^ ^   t)M  w e i i ] a i m m  
t w o - d ^ e n s i o n . l   < » ,   Md  t h r e e - d i m e n s i o n a l   (3D)  ^ l e m . n t . t l o n .   o f  15  - I t i p x .   ans le   p r o j e c t i o n   r e c o n s t r u c t i o n   t . c h n i , u . .   Alth0Ush  t h e  d a . c u s s l o n   w i n   be  l i f t e d   to  ZB  p r o j e c t l o n   r . c o n , t n i c t l o n i   ^  
i e n e r . l i z . t i o n   to  3D  wi l l   b.  unde r s tood   by  those  s l c i l U d   in  the  . r t   I n  2D  p r o j e c t i o n   r e c o n s t r u c t i o n   » *   l M g i n 8 ,   p r t > j . c t i o n   n u n r m a U   m  rn.de  . t   « n y   <u iu . l l j r   e q u a l l y   , „ „ . „ ,   ^ ^   ^    ̂ ^   ^ ^   ^   ^  20  « ™ , i . .   p r o j e c t i o n   d . t .   could  be  measured  . t   one  de8re .   i n d e n t s .   F o r  each  of  these  p r o j e c t i o n   measurements   or  views,  the  readout   g r a d i e n t  d . r e c t i o n   i ,   p e r p e n d i c u l a r   to  the  d e s i r e d   p r o j e c t i o n   d i r e c t i o n .   Thus  the  pa rame te r   that   v a r i e s   f r o ,   view  to  view  is  the  d i r e c t i o n   of  t h e  readout   g r a d i e n t   ( a n a l o g s   to  the  p h . s . - e n c o O i n *   ampl i tude   in  ZD  „  25  i m a E i n , ) .   The  ima8e  is  r e c o n s t r u c t e d   b,  f i l t e r i n ,   m t   back  p r o j e c t l n ,  the  l i ne   i n t e s r . l   d . t .   ob t a ined   for  each  d i r e c t i o n .   m  p r O i . c t l o n  

r e c o n s t r u c t i o n ,   i t   L  well  taown  from  compu te r i s ed   t o M , r . p h y   ( C I ,  
•= .nn in8   . r t   that   i n c o n s i s t e n c i e s   in  the  p r o j e c t i o n   « « . .   for  . x ^ p l .  those  due  to  p e r i o d i c   motion,   are  u s u a l l y   « „ ! » . « . <   ln  the  „ » , .   „  30  « t r e . k s   t . n s . n t l . l   to  the  moving  (or  o the rwi se   v a r y i n , )   o b j e c t .   However . t   is  known  that   the  r e c o n s t r u c t i o n   p rocess   is  r e l a t i v e l y   i n s e n s i t i v e   t o  motion  (or  o ther   v a r i a t i o n )   t h . t   . p p e a r s   as  a  s i n , l ,   t u U   cycle   .s  .  f u n c t i o n   of  p r o j e c t i o n   d i r e c t i o n .   The  method  of  the  i n v e n t i o n   1 ,  
■ U r e c t l ,   . p p u c a b l ,   to  the  m u l t i p l e   p r o j e c t i o n   data  if  the  p r o j e c t i o n  
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angle  is  t r e a t e d   in  a  manner  analogous  to  tha t   of  the  p h a s e - e n c o d i n g  

g r a d i e n t   de sc r i bed   h e r e i n a b o v e .   For  p r o j e c t i o n   r e c o n s t r u c t i o n ,   the  low 

f r equency   sor t   method  is  p r e f e r r e d .   That  i s ,   the  p r o j e c t i o n  

measurement s ,   r a t h e r   than  being  acqu i red   s e q u e n t i a l l y   at  one  d e g r e e  

i n t e r v a l s ,   are  acqu i red   in  a  low  f requency  so r t   order   sor t   so  tha t   a  p l o t  

of  p i x e l   b r i g h t n e s s   ve rsus   p r o j e c t i o n   angle  is  s i m i l a r   to  tha t   of  FIG.  

7.  As  b e f o r e ,   the  goal  with  low  f requency   s o r t   is  to  s e l e c t   p r o j e c t i o n  

d i r e c t i o n s   so  that   the  motion  per iod   appears   to  be  equal  to  scan  t i m e .  

If  the  number  of  views  used  in  p r o j e c t i o n   r e c o n s t r u c t i o n   is  comparable  t o  

|0  or  l a r g e r   than  the  number  of  p i x e l s   across   the  f i e l d   of  view,  the  h i g h  

f r equency   sor t   method  may  also  be  used,  s ince   for  t h i s   case  i t   is  known 

tha t   the  c o n s i s t e n t   rapid   v a r i a t i o n   between  a d j a c e n t   views  wi l l   c a u s e  

s t r e a k s   in  the  r e c o n s t r u c t e d   image  tha t   w i l l   be  v i s i b l e   only  far  from  t h e  

source  p i x e l .  

15  While  th i s   i n v e n t i o n   has  been  d e s c r i b e d   with  r e f e r e n c e   to  p a r t i c u l a r  

embodiments  and  examples,   o ther   m o d i f i c a t i o n s   and  v a r i a t i o n s   wi l l   o c c u r  

to  those   s k i l l e d   in  the  a r t   in  view  of  the  above  t e a c h i n g s .   A c c o r d i n g l y ,  

it   should  be  unders tood   tha t   wi th in   the  scope  of  the  appended  claims  t h e  

i n v e n t i o n   may  be  p r a c t i c e d   o the rwise   than  is  s p e c i f i c a l l y   d e s c r i b e d .  
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CLAIMS 

What  is  c la imed  i s :  

1.  A  method  for  reducing   a r t i f a c t s   in  a  d e s i r e d   image  due  t o  
s u b s t a n t i a l l y   p e r i o d i c   s igna l   v a r i a t i o n s   while  a  p o r t i o n   of  an  o b j e c t   i s  

5  being  examined  using  n u c l e a r   magnetic   r e sonance   t e c h n i q u e s ,   which  
t e c h n i q u e s   i n c l u d e   measurement  of  imaging  data  about  the  o b j e c t   p o r t i o n  
through  the  i m p l e m e n t a t i o n   of  a  p l u r a l i t y   of  views,  each  made  up  of  a t  l e a s t   one  pu lse   sequence  which  i nc ludes   i r r a d i a t i o n   of  the  o b j e c t   p o r t i o n  
by  an  RF  e x c i t a t i o n   pulse   at  the  Lannor  f r equency   to  produce  an  Wffi 10  s i g n a l ,   a p p l i c a t i o n   of  a  pulsed  magnetic  f i e l d   g r a d i e n t   along  at  l e a s t  
one  d imens iona l   axis   of  the  o b j e c t ,   and  a c q u i s i t i o n   of  imaging  da ta ,   s a i d  
magnet ic   f i e l d   g r a d i e n t   having  a  pa rame te r   value  a d j u s t a b l e   to  have  a  d i f f e r e n t   value  in  each  view  so  as  to  encode  s p a t i a l   i n f o r m a t i o n   into  t h e  NMR  s i g n a l ,   said  method  c o m p r i s i n g :  

15  U)  S e l e c t i n *   a  P r ede t e rmined   r e l a t i o n s h i p   between  the  s i g n a l  
v a r i a t i o n s   and  the  pa ramete r   value  of  eaid  magnet ic   f i e l d   g r a d i e n t  
wherein  s e l e c t i o n   of  said  r e l a t i o n s h i p   de f ine s   a  c o r r e s p o n d e n c e   between  a  d e s i r e d   p a r a m e t e r   value  to  be  implemented  in  .  given  pu l se   sequence  ^  the  phase  of  said  s igna l   v a r i a t i o n s ;  

20  (b)  measur ing  the  phase  of  said  s igna l   v a r i a t i o n s   in  the  c o u r s e  of  implement ing  said  p l u r a l i t y   of  views;  and 
(c)  s e l e c t i n g   a  non-monotonic   temporal   order   of  a p p l i c a t i o n   o f  said  magnet ic   f i e l d   g r a d i e n t   so  as  to  approximate   said  p r e d e t e r m i n e d  

r e l a t i o n s h i p ,   wherein  said  order   is  based  on  said  phase  m e a s u r e m e n t s  25  thereby   to  reduce  a r t i f a c t s   in  said  d e s i r e d   image .  

2.  The  method  of  Claim  1  wherein  said  s i gna l   v a r i a t i o n s   are  due  t o  motion  of  the  o b j e c t   being  s t u d i e d .  

30  3.  The  method  of  Claim  1  wherein  said  pulsed  magnet ic   f i e l d  
g r a d i e n t   compr ises   a  phase -encod ing   magnetic  f i e l d   g r a d i e n t   and  w h e r e i n  
the  a d j u s t a b l e   pa ramete r   value  comprises   the  time  i n t e g r a l   of  t h e  
g r a d i e n t   pulse   waveform.  
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A.  The  method  of  Claim  3  where in   said  time  i n t e g r a l   is  c o n t r o l l e d  

by  the  ampl i tude   of  said  p h a s e - e n c o d i n g   magnet ic   f i e l d   g r a d i e n t .  

5.  The  method  of  Claim  1  where in   sa id   magnetic  f i e l d   g r a d i e n t  

5  comprises   a  r e a d - o u t   magnet ic   f i e l d   g r a d i e n t   and  wherein  the  a d j u s t a b l e  

pa ramete r   value  comprises   the  d i r e c t i o n   of  said  r ead -ou t   g r a d i e n t .  

6.  The  method  of  Claim  1  wherein   the  temporal  order   of  s a i d  

g r a d i e n t   pa ramete r   value  app l ied   in  the  course  of  implement ing  s a i d  

10  p l u r a l i t y   of  views  is  s e l e c t e d   such  that   said  s igna l   v a r i a t i o n s   as  a  

f u n c t i o n   of  m o n o t o n i c a l l y   i n c r e a s i n g   g r a d i e n t   pa rameter   va lue ,   a v e r a g e d  

wi th in   each  view,  for  views  having  more  than  one  pulse  sequence ,   are  of  a  

lower  f requency  than  the  ac tua l   f r equency   of  the  p e r i o d i c   s i g n a l  

v a r i a t i o n ,   thereby   to  dec rease   d i s p l a c e m e n t   of  the  a r t i f a c t s   from  t h e  

15  des i r ed   image.  

7.  The  method  of  Claim  6  where in   the  temporal   order   of  s a i d  

g r a d i e n t   pa ramete r   a p p l i e d   in  the  course   of  implementing  said  p l u r a l i t y  

of  views  is  s e l e c t e d   such  that   when  the  measurements  acqu i red   in  e a c h  

20  pulse   sequence  are  r e a r r a n g e d   in  order   of  mono ton i ca l l y   i n c r e a s i n g  

parameter   value  the  s i g n a l   v a r i a t i o n s ,   averaged  wi th in   each  view,  f o r  

views  with  more  than  one  pulse  sequence ,   wi l l   appear  to  go  through  no 

more  than  one  c y c l e .  

25  8.  The  method  of  Claim  1  where in   the  temporal   order   of  s a i d  

g r a d i e n t   pa ramete r   a p p l i e d   in  the  course   of  implementing  said  p l u r a l i t y  

of  views  is  s e l e c t e d   such  that   sa id   s i gna l   v a r i a t i o n s   as  a  f u n c t i o n   o f  

m o n o t o n i c a l l y   i n c r e a s i n g   g r a d i e n t   p a r a m e t e r   va lue ,   averaged  w i th in   e a c h  

view,  for  views  having  more  than  one  pulse   sequence,   are  of  a  h i g h e r  

30  f requency  than  the  a c t u a l   f requency  of  the  p e r i o d i c   s igna l   v a r i a t i o n ,  

thereby  to  i n c r e a s e   d i sp l acemen t   of  the  a r t i f a c t s   from  the  d e s i r e d  

image  . 
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9.  The  method  of  Claim  8  wherein  the  temporal   order   of  s a i d  

g r a d i e n t   p a r a m e t e r   a p p l i e d   in  the  course  of  implement ing  said  p l u r a l i t y  
of  views  is  s e l e c t e d   such  that   when  the  measurements   acqu i r ed   in  e a c h  
pulse  sequence  are  r e a r r a n g e d   in  order   of  m o n o t o n i c a l l y   i n c r e a s i n g  

5  pa rame te r   value  the  s i g n a l   v a r i a t i o n s ,   averaged  wi th in   each  view,  f o r  
views  having  more  than  one  pulse   sequence,   wi l l   appear   to  go  t h r o u g h  
Ny/2  c y c l e s ,   where  »y  is  equal  to  the  number  of  views  compr i s ing   s a i d  
p l u r a l i t y   of  v i e w s .  

10  10.  The  method  of  Claim  1  wherein,   p r i o r   to  the  i m p l e m e n t a t i o n   o f  
each  pu lse   sequence ,   the  phase  of  said  s igna l   v a r i a t i o n s   is  measured  and 
a  pa rame te r   value  to  be  used  is  s e l e c t e d ,   wherein  said  s e l e c t e d   p a r a m e t e r  
value  depends  on  said  phase  measuremen t .  

15  11.  The  method  of  Claims  1,  3,  5.  8  or  10  wherein  said  s tep   o f  
s e l e c t i n g   said  p r e d e t e r m i n e d   r e l a t i o n s h i p   i nc ludes   t a b u l a t i n g   for   a  
f i n i t e   set  of  va lues   of  phase  of  said  s igna l   v a r i a t i o n s   an  e n t r y  
c o n t a i n i n g   the  d e s i r e d   value  of  said  g r a d i e n t   pa rame te r   and  s e l e c t i n g   t h e  
number  of  measurements   to  be  made  with  each  t a b u l a t e d   en t ry ;   and  w h e r e i n  

20  said  step  of  s e l e c t i n g   a  temporal   order   comprises   s e l e c t i n g   from  s a i d  
t a b u l a t i o n   the  en t ry   having  a  phase  of  s igna l   v a r i a t i o n   c l o s e s t   to  t h e  
phase  of  s i g n a l   v a r i a t i o n   at  the  time  the  pulse  sequence  is  imp lemen ted  
and  wherein  each  en t ry   in  said  t a b u l a t i o n   is  d e l e t e d   a f t e r   the  r e q u i s i t e  
number  of  measurements   with  that   ent ry   have  been  made. 

25 

12.  A  method  for  reduc ing   a r t i f a c t s   in  a  d e s i r e d   image  due  t o  
s u b s t a n t i a l l y   p e r i o d i c   s i 8 n a l   v a r i a t i o n s   while  a  p o r t i o n   of  an  o b j e c t   i s  
being  examined  using  n u c l e a r   magnetic  resonance   t e c h n i q u e s ,   w h i c h  
t e c h n i q u e s   i nc lude   measurement  of  imaging  data  about  the  ob jec t   p o r t i o n  

30  through  the  i m p l e m e n t a t i o n   of  a  p l u r a l i t y   of  views,  each  made  up  of  a t  
l ease   one  pu lse   sequence  which  inc ludes   i r r a d i a t i o n   of  the  ob jec t   p o r t i o n  
by  an  RF  e x c i t a t i o n   pulse   at  the  Larmor  f requency  to  produce  an  BHR 
s i g n a l ,   a p p l i c a t i o n   of  a  pulsed  magnetic  f i e l d   g r a d i e n t   along  at  l e a s t  
one  d imens iona l   axis  of  the  ob j ec t ,   and  a c q u i s i t i o n   of  imaging  da ta ,   s a i d  
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magnet ic   f i e l d   g r a d i e n t   having  a  pa ramete r   value  a d j u s t a b l e   to  have  a  

d i f f e r e n t   value  in  each  view  so  as  to  encode  s p a t i a l   i n f o r m a t i o n   i n to   t h e  

NMR  s i g n a l ,   sa id   method  c o m p r i s i n g :  

(a)  S e l e c t i n g   a  p r e d e t e r m i n e d   r e l a t i o n s h i p   between  the  s i g n a l  

)  v a r i a t i o n s   and  the  pa rame te r   value  of  said  magnet ic   f i e l d   g r a d i e n t ,  

wherein  s e l e c t i o n   of  said  r e l a t i o n s h i p   de f ines   a  c o r r e s p o n d e n c e   between  a  

d e s i r e d   p a r a m e t e r   value  to  be  implemented  in  a  given  pu l se   sequence   and 

the  phase  of  sa id   s i g n a l   v a r i a t i o n s ,   and  wherein  said  r e l a t i o n s h i p   i s  

such  tha t   when  the  measurements   of  imaging  data  a cqu i r ed   in  each  p u l s e  

]0  sequence  are  r e a r r a n g e d   in  order  of  m o n o t o n i c a l l y   i n c r e a s i n g   p a r a m e t e r  

va lue ,   the  s i g n a l   v a r i a t i o n s ,   averaged  w i th in   each  view,  for  views  h a v i n g  

more  than  one  pulse   sequence  as  a  f u n c t i o n   of  m o n o t o n i c a l l y   i n c r e a s i n g  

g r a d i e n t   pa r ame te r   are  at  a  lower  f requency   than  the  a c t u a l   f r equency   o f  

the  s igna l   v a r i a t i o n s ;  

15  (b)  measur ing   the  phase  of  said  s igna l   v a r i a t i o n s   in  the  c o u r s e  

of  implement ing   said  p l u r a l i t y   of  views;  and 

(c)  s e l e c t i n g   a  non-monotonic  temporal   o rder   of  a p p l i c a t i o n   o f  

said  magnet ic   f i e l d   g r a d i e n t   so  as  to  approximate   sa id   p r e d e t e r m i n e d  

r e l a t i o n s h i p ,   where in   sa id   order  is  based  on  said  phase  m e a s u r e m e n t s ,  

20  thereby   to  reduce  a r t i f a c t s   in  said  d e s i r e d   image.  

13.  The  method  of  Claim  12  wherein  said  s igna l   v a r i a t i o n s   are  due  t o  

motion  of  the  ob j ec t   being  s t u d i e d .  

25  14.  The  method  of  Claim  12  wherein  said  pu lsed   magnet ic   f i e l d  

g r a d i e n t   comprises   a  phase -encod ing   magnet ic   f i e l d   g r a d i e n t   and  w h e r e i n  

the  a d j u s t a b l e   pa rame te r   value  comprises   the  time  i n t e g r a l   of  t h e  

g r a d i e n t   pulse   waveform.  

30  15.  The  method  of  Claim  14  wherein  said  time  i n t e g r a l   is  c o n t r o l l e d  

by  the  ampl i tude   of  said  phase -encod ing   magnetic  f i e l d   g r a d i e n t .  

16.  The  method  of  Claim  12  wherein  said  magnetic  f i e l d   g r a d i e n t  

comprises   a  r e a d - o u t   magnet ic   f i e l d   g r a d i e n t   and  wherein  the  a d j u s t a b l e  

35  pa rame te r   value  comprises   the  d i r e c t i o n   of  said  r e a d - o u t   g r a d i e n t .  
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17.  The  method  of  Claim  12  wherein  the  temporal   order   of  s a i d  

g r a d i e n t   pa ramete r   a p p l i e d   in  the  course  of  implementing  said  p l u r a l i t y  
of  views  is  s e l e c t e d   such  that   when  the  measurements   acqu i red   in  e a c h  
pu l se   sequence  are  r e a r r a n g e d   in  o rder   of  m o n o t o n i c a l l y   i n c r e a s i n g  

5  p a r a m e t e r   value  the  s i g n a l   v a r i a t i o n s ,   averaged  wi thin   each  view  f o r  
views  having  more  than  one  pulse   sequence ,   wi l l   appear  to  go  through  no 
more  than  one  c y c l e .  

18.  The  method  of  Claim  12  where in ,   p r i o r   to  the  imp lemen ta t i on   o f  
10  each  pulse   sequence,   the  phase  of  said  s i g n a l   v a r i a t i o n s   is  measured  and 

a  p a r a m e t e r   value  to  be  used  is  s e l e c t e d ,   wherein  said  s e l e c t e d   p a r a m e t e r  
value  depends  on  said  phase  measu remen t .  

19.  The  method  of  Claims  12,  14,  16  or  18  wherein  said  s tep  o f  
15  s e l e c t i n g   said  p r e d e t e r m i n e d   r e l a t i o n s h i p   i nc ludes   t a b u l a t i n g   for  a 

f i n i t e   set  of  values   of  phase  of  said  s i gna l   v a r i a t i o n s   an  e n t r y  
c o n t a i n i n g   the  de s i r ed   value  of  said  g r a d i e n t   pa ramete r   and  s e l e c t i n g   t h e  
number  of  measurements  to  be  made  with  each  t a b u l a t e d   en t ry ;   and  w h e r e i n  
sa id   s tep  of  s e l e c t i n g   a  temporal   order   comprises   s e l e c t i n g   from  s a i d  

20  t a b u l a t i o n   the  entry  having  a  phase  of  s igna l   v a r i a t i o n   c l o s e s t   to  t h e  
phase  of  s igna l   v a r i a t i o n   at  the  time  the  pulse   sequence  is  imp lemen ted  
and  wherein  each  ent ry   in  said  t a b u l a t i o n   is  d e l e t e d   a f t e r   the  r e q u i s i t e  
number  of  measurements  with  that   en t ry   have  been  made. 

25  20.  A  method  for  reducing   a r t i f a c t s   in  a  des i r ed   image  due  t o  
s u b s t a n t i a l l y   p e r i o d i c   s i gna l   v a r i a t i o n s   while  a  p o r t i o n   of  an  ob j ec t   i s  
being  examined  using  n u c l e a r   magnetic   resonance   t e c h n i q u e s ,   wh ich  
t e c h n i q u e s   inc lude   measurement  of  imaging  data  about  the  ob jec t   p o r t i o n  
through  the  implementa t ion   of  a  p l u r a l i t y   of  views,  each  made  up  of  a t  

30  l e a s t   one  pulse  sequence  which  i nc ludes   i r r a d i a t i o n   of  the  ob jec t   p o r t i o n  
by  an  RF  e x c i t a t i o n   pulse   at  the  Larmor  f requency  to  produce  an  11HE 
s i g n a l ,   a p p l i c a t i o n   of  a  pulsed  magnetic   f i e l d   g r a d i e n t   along  at  l e a s t  
one  d imens iona l   axis  of  the  o b j e c t ,   and  a c q u i s i t i o n   of  imaging  da ta ,   s a i d  
magnet ic   f i e l d   g r a d i e n t   having  a  pa ramete r   value  a d j u s t a b l e   to  have  a  
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d i f f e r e n t   value  in  each  view  so  as  to  encode  s p a t i a l   i n f o r m a t i o n   into  t h e  

NMR  s i g n a l ,   said  method  c o m p r i s i n g :  

(a)  S e l e c t i n g   a  p r e d e t e r m i n e d   r e l a t i o n s h i p   between  the  s i g n a l  

v a r i a t i o n s   and  the  parameter   value  of  sa id   magnet ic   f i e l d   g r a d i e n t ,  

5  wherein   s e l e c t i o n   of  said  r e l a t i o n s h i p   d e f i n e s   a  c o r r e s p o n d e n c e   between  a  

d e s i r e d   p a r a m e t e r   value  to  be  implemented  in  a  given  pu l se   sequence  and 

the  phase  of  said  s igna l   v a r i a t i o n s ,   and  wherein  said  r e l a t i o n s h i p   i s  

such  t ha t   when  the  measurements  of  imaging  data  a c q u i r e d   in  each  p u l s e  

sequence  are  r ea r r anged   in  order  of  m o n o t o n i c a l l y   i n c r e a s i n g   p a r a m e t e r  

10  va lue ,   the  s igna l   v a r i a t i o n s ,   averaged  w i th in   each  view,  for  views  w i t h  

more  than  one  pulse  sequence,   as  a  f u n c t i o n   of  g r a d i e n t   p a r a m e t e r   are  a t  

a  h ighe r   f requency   than  the  ac tua l   f r equency   of  the  s igna l   v a r i a t i o n s ;  

(b)  measuring  the  phase  of  said  s i g n a l   v a r i a t i o n s   in  the  c o u r s e  

of  implement ing   said  p l u r a l i t y   of  views;  and  

15  (c)  s e l e c t i n g   a  non-monotonic   temporal   o rder   of  a p p l i c a t i o n   o f  

said  magnet ic   f i e l d   g r a d i e n t   so  as  to  approximate   sa id   p r e d e t e r m i n e d  

r e l a t i o n s h i p ,   wherein  said  order   is  based  on  sa id   phase  m e a s u r e m e n t s ,  

t he reby   to  reduce  a r t i f a c t s   in  said  d e s i r e d   image .  

20  21.  The  method  of  Claim  20  wherein  sa id   s i gna l   v a r i a t i o n s   are  due  t o  

motion  of  the  ob jec t   being  s t u d i e d .  

22.  The  method  of  Claim  20  wherein  sa id   pulsed  magnet ic   f i e l d  

g r a d i e n t   comprises   a  phase -encod ing   magnet ic   f i e l d   g r a d i e n t   and  w h e r e i n  

25  the  a d j u s t a b l e   parameter   value  compr ises   the  time  i n t e g r a l   of  t h e  

g r a d i e n t   p u l s e   waveform. 

23.  The  method  of  Claim  22  wherein  sa id   time  i n t e g r a l   is  c o n t r o l l e d  

by  the  amp l i t ude   of  said  phase -encod ing   magnet ic   f i e l d   g r a d i e n t .  

30 

24.  The  method  of  Claim  20  wherein   said  magnet ic   f i e l d   g r a d i e n t  

compr ises   a  r ead -ou t   magnetic  f i e l d   g r a d i e n t   and  wherein  the  a d j u s t a b l e  

p a r a m e t e r   value  comprises  the  d i r e c t i o n   of  said  r e a d - o u t   g r a d i e n t .  
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25.  The  method  of  Claim  20  wherein  the  temporal   o rder   of  s a i d  

g r a d i e n t   pa rame te r   a p p l i e d   in  the  course  of  implement ing  sa id   p l u r a l i t y  
of  views  is  s e l e c t e d   such  tha t   when  the  measurements  a c q u i r e d   in  e a c h  
pulse  sequence  are  r e a r r a n g e d   in  order   of  m o n o t o n i c a l l y   i n c r a s i n g  5  pa ramete r   value  the  s i g n a l   v a r i a t i o n s ,   averaged  wi th in   each  view,  f o r  
views  having  more  than  one  pu lse   sequence,   wi l l   appear   to  go  t h r o u g h  
»v/2  cyc le s ,   where  Ky  is  equal  to  the  number  of  views  compr i s ing   . a i d  
p l u r a l i t y   of  v i e w s .  

10  26.  The  method  of  Claim  20  wherein ,   p r i o r   to  the  i m p l e m e n t a t i o n   o f  
each  pulse  sequence ,   the  phase  of  said  s igna l   v a r i a t i o n s   is  measured  and 
a  pa rameter   value  to  be  used  is  s e l e c t e d ,   wherein  said  s e l e c t e d   p a r a m e t e r  
value  depends  on  said  phase  m e a s u r e m e n t .  

15  27.  The  method  of  Claims  20,  22,  24  or  26  wherein  said  s tep  o f  
s e l e c t i n g   said  p r e d e t e r m i n e d   r e l a t i o n s h i p   inc ludes   t a b u l a t i n g   for  a  
f i n i t e   set  of  va lues   of  phase  of  said  s igna l   v a r i a t i o n s   an  e n t r y  
c o n t a i n i n g   the  d e s i r e d   value  of  said  g r a d i e n t   pa ramete r   and  s e l e c t i n g   t h e  
number  of  measurements   to  be  made  with  each  t a b u l a t e d   en t ry ;   and  w h e r e i n  

20  said  step  of  s e l e c t i n g   a  temporal   order   comprises  s e l e c t i n g   from  s a i d  
t a b u l a t i o n   the  en t ry   having  a  phase  of  s ignal   v a r i a t i o n   c l o s e s t   to  t h e  
Phase  of  s igna l   v a r i a t i o n   at  the  time  the  pulse  sequence  is  i m p l e m e n t e d  
and  wherein  each  en t ry   in  said  t a b u l a t i o n   is  de l e t ed   a f t e r   the  r e q u i s i t e  
number  of  measurements  with  tha t   ent ry   have  been  made 

25 

28.  A  method  for  reduc ing   a r t i f a c t s   in  a  d e s i r e d   image  due  t o  
s u b s t a n t i a l l y   p e r i o d i c   s i g n a l   v a r i a t i o n s   while  a  p o r t i o n   of  an  ob j ec t   i s  
being  examined  using  n u c l e a r   magnetic  resonance   t e c h n i q u e s ,   which  
t echn iques   inc lude   measurement  of  a  set  of  imaging  data  about  the  o b j e c t  

30  p o r t i o n   through  the  i m p l e m e n t a t i o n   of  a  p l u r a l i t y   of  views,  each  made  up of  at  l e a s t   one  pulse   sequence  which  inc ludes   i r r a d i a t i o n   of  the  o b j e c t  
p o r t i o n   by  an  RF  e x c i t a t i o n   pulse   at  the  Larmor  f requency  to  produce  an 
NMR  s i g n a l ,   a p p l i c a t i o n   of  a  pulsed  magnetic  f i e l d   g r a d i e n t   along  a t  
l e a s t   one  d imens iona l   axis   of  the  o b j e c t ,   and  a c q u i s i t i o n   of  imag ing  
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da t a ,   sa id   magnet ic   f i e l d   g r a d i e n t   having  a  pa rame te r   value  a d j u s t a b l e   t o  

have  a  d i f f e r e n t   value  in  each  view  so  as  to  encode  s p a t i a l   i n f o r m a t i o n  

in to   the  NHR  s i g n a l ,   sa id   method  c o m p r i s i n g :  

(a)  S e l e c t i n g   a  p r e d e t e r m i n e d   r e l a t i o n s h i p   between  the  s i g n a l  

5  v a r i a t i o n s   and  the  pa rame te r   value  of  said  magnetic   f i e l d   g r a d i e n t ,  

where in   s e l e c t i o n   of  said  r e l a t i o n s h i p   d e f i n e s   a  c o r r e s p o n d e n c e   between  a  

d e s i r e d   p a r a m e t e r   value  to  be  implemented  in  a  given  pu lse   sequence  and  

the  phase  of  said  s i gna l   v a r i a t i o n s ;  

(b)  measur ing   the  phase  of  said  s igna l   v a r i a t i o n s   in  the  c o u r s e  

10  of  implement ing   said  p l u r a l i t y   of  v i e w s ;  

(c)  s e l e c t i n g   a  non-monotonic   tempora l   order   of  a p p l i c a t i o n   o f  

sa id   magnet ic   f i e l d   g r a d i e n t   so  as  to  approximate   said  p r e d e t e r m i n e d  

r e l a t i o n s h i p ,   wherein   sa id   order  is  based  on  said  phase  measurements ;   and  

(d)  s e l e c t i n g   a  subset   of  the  imaging  data  acqu i r ed   as  a  r e s u l t  

15  of  implement ing   said  pulse   sequences ,   sa id   subse t   being  s m a l l e r   than  t h e  

f u l l   set   of  imaging  da ta ,   wherein  the  pu l se   sequences   from  which  imag ing  

da ta   measurements   are  inc luded   in  sa id   subse t   are  s e l e c t e d   so  as  to  more 

c l o s e l y   approx imate   said  p r e d e t e r m i n e d   r e l a t i o n s h i p ,   sa id   subse t   b e i n g  

s u f f i c i e n t   for  c o n s t r u c t i n g   said  d e s i r e d   image,  the reby   to  r e d u c e  

20  a r t i f a c t s   in  said  d e s i r e d   image.  

29.  The  method  of  Claim  28  wherein  sa id   s i gna l   v a r i a t i o n s   are  due  t o  

motion  of  the  o b j e c t   being  s t u d i e d .  

25  30.  The  method  of  Claim  28  where in   said  pulsed  magnet ic   f i e l d  

g r a d i e n t   compr ises   a  phase -encod ing   magnet ic   f i e l d   g r a d i e n t   and  w h e r e i n  

the  a d j u s t a b l e   pa rame te r   value  compr ises   the  time  i n t e g r a l   of  t h e  

g r a d i e n t   pu lse   waveform.  

30  31.  The  method  of  Claim  30  wherein  sa id   time  i n t e g r a l   is  c o n t r o l l e d  

by  the  ampl i tude   of  said  phase -encod ing   magnet ic   f i e l d   g r a d i e n t .  

32.  The  method  of  Claim  25  wherein  said  magnetic  f i e l d   g r a d i e n t  

compr i ses   a  r e a d - o u t   magnetic  f i e l d   g r a d i e n t   and  wherein  the  a d j u s t a b l e  

35  p a r a m e t e r   value  comprises   the  d i r e c t i o n   of  sa id   r e ad -ou t   g r a d i e n t .  
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33.  The  method  of  Claim  28  wherein  the  temporal   o rder   of  s a i d  

g r a d i e n t   pa ramete r   value  app l i ed   in  the  course  of  implement ing   s a i d  
p l u r a l i t y   of  views  is  s e l e c t e d   such  that   said  s i gna l   v a r i a t i o n s   as  a 
func t ion   of  m o n o t o n i c a l l y   i n c r e a s i n g   g r a d i e n t   pa rame te r   va lue ,   for  t h e  

5  pulse  sequences   from  which  imaging  data  is  inc luded   in  said  s u b s e t ,   a r e  
such  tha t   said  s igna l   v a r i a t i o n s   as  a  f u n c t i o n   of  m o n o t o n i c a l l y  
i n c r e a s i n g   g r a d i e n t   pa ramete r   va lue ,   averaged  wi th in   each  view  for   v i e w s  
having  more  than  one  pulse  sequence ,   are  of  a  lower  f r equency   than  t h e  
ac tua l   f requency  of  said  p e r i o d i c   s i gna l   v a r i a t i o n s .  

10 

34.  The  method  of  Claim  33  wherein  the  temporal   o rder   of  s a i d  
g r a d i e n t   pa ramete r   appl ied   in  the  course  of  implement ing  said  p l u r a l i t y  
of  views  is  s e l e c t e d   such  tha t   said  s igna l   v a r i a t i o n s   as  a  f u n c t i o n   o f  
m o n o t o n i c a l l y   i n c r e a s i n g   g r a d i e n t   parameter   va lue ,   for  the  p u l s e  

15  sequences  from  which  imaging  data  is  inc luded  in  sa id   s u b s e t ,   are  s u c h  
that   said  s igna l   v a r i a t i o n s   as  a  f u n c t i o n   of  m o n o t o n i c a l l y   i n c r e a s i n g  
g r a d i e n t   pa ramete r   va lue ,   averaged  wi th in   each  view  for  views  having  more 
than  one  pulse   sequence,   wi l l   appear   to  go  through  no  more  than  one  
c y c l e .  

20 

35.  The  method  of  Claim  28  wherein  the  temporal   order   of  s a i d  
g r a d i e n t   pa ramete r   app l ied   in  the  course  of  implement ing  said  p l u r a l i t y  
of  views  is  s e l e c t e d   such  that   said  s igna l   v a r i a t i o n s   as  a  f u n c t i o n   o f  
roono ton ica l ly   i n c r e a s i n g   g r a d i e n t   parameter   va lue .   for  the  p u l s e  

25  sequences  from  which  imaging  data  is  inc luded  in  said  subse t ,   are  s u c h  
tha t   said  s igna l   v a r i a t i o n s   as  a  f unc t i on   of  m o n o t o n i c a l l y   i n c r e a s i n g  
g r a d i e n t   pa ramete r   value,   averaged  wi th in   each  view  for   views  having  more 
than  one  pulse   sequence,   are  of  a  h igher   f requency  than  the  a c t u a l  
f r e q u m c y   of  the  p e r i o d i c   s i gna l   v a r i a t i o n s ,   thereby  to  i n c r e a s e  

30  d i sp l acemen t   of  the  a r t i f a c t s   from  said  de s i r ed   image.  

36.  The  method  of  Claim  35  wherein  the  temporal   order   of  s a i d  
g r a d i e n t   pa rameter   appl ied   in  the  course  of  implementing  said  p l u r a l i t y  
of  views  is  s e l e c t e d   such  that   said  s igna l   v a r i a t i o n s   as  a  f u n c t i o n   o f  
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m o n o t o n i c a l l y   i n c r e a s i n g   g r a d i e n t   p a r a m e t e r   va lue ,   for  the  p u l s e  

sequences   from  which  imaging  data  is  i n c l u d e d   in  said  s u b s e t ,   are  s u c h  

t h a t   sa id   s i g n a l   v a r i a t i o n s   as  a  f u n c t i o n   of  m o n o t o n i c a l l y   i n c r e a s i n g  

g r a d i e n t   pa rame te r   va lue ,   averaged  w i th in   each  view  for  views  having  more 

5  than  one  pu lse   sequence ,   wi l l   appear   to  go  through  »y/2  c y c l e s ,   whe re  

N  is  equal   to  the  number  of  views  compr i s ing   said  p l u r a l i t y   of  v i e w s ,  
v 

37.  The  method  of  Claim  28  where in ,   p r i o r   to  the  i m p l e m e n t a t i o n   o f  

each  pu lse   sequence ,   the  phase  of  said  s i g n a l   v a r i a t i o n s   is  measured  and  

10  a  p a r a m e t e r   value  to  be  used  is  s e l e c t e d ,   wherein  said  s e l e c t e d   p a r a m e t e r  

va lue   depends  on  said  phase  m e a s u r e m e n t .  

38.  The  method  of  Claims  28,  30.  32.  33  or  37  f u r t h e r   compr i s ing   t h e  

s tep   of  c a l c u l a t i n g   a  phase  e r r o r   for  each  pu lse   sequence ,   sa id   p h a s e  

15  e r r o r   being  equal  to  the  d i f f e r e n c e   between  the  phase  of  sa id   s i g n a l  

v a r i a t i o n s   at  the  time  the  pulse   sequence  was  implemented  and  the  p h a s e  

of  sa id   s i g n a l   v a r i a t i o n s   c o r r e s p o n d i n g   to  the  g r a d i e n t   p a r a m e t e r   v a l u e  

used ,   said  c o r r e s p o n d e n c e   being  de f ined   by  said  p r e d e t e r m i n e d  

r e l a t i o n s h i p .  

20 

39.  The  method  of  Claims  38  wherein   said  step  of  s e l e c t i n g   s a i d  

p r e d e t e r m i n e d   r e l a t i o n s h i p   i nc ludes   t a b u l a t i n g   for  a  f i n i t e   set   o f  

d i s c r e t e   values   of  phase  of  said  s i g n a l   v a r i a t i o n s   an  en t ry   c o n t a i n i n g  

the  d e s i r e d   value  of  said  g r a d i e n t   p a r a m e t e r   and  s e l e c t i n g   the  number  o f  

25  measurements   to  be  made  with  each  t a b u l a t e d   en t ry ;   and  wherein  sa id   s t e p  

of  s e l e c t i n g   a  temporal   order   c o m p r i s e s :  

(a)  S e l e c t i n g ,   for  at  l e a s t   one  of  said  pulse   s equences ,   t h e  

e n t r y   from  said  t a b u l a t i o n   having  a  phase  of  s i gna l   v a r i a t i o n   c l o s e s t   t o  

the  phase  of  s i gna l   v a r i a t i o n   at  the  time  the  pulse   sequence  i s  

30  implemented  and  wherein  each  ent ry   in  sa id   t a b u l a t i o n   is  d e l e t e d   a f t e r  

the  r e q u i s i t e   number  of  measurements  with  tha t   en t ry   have  been  made;  and  

(b)  s e l e c t i n g ,   for  at  l e a s t   one  of  said  pulse   sequences ,   a  v a l u e  

of  said  g r a d i e n t   pa rame te r   such  tha t   the  r e s u l t i n g   pulse  sequence  w i l l  

have  a  phase  e r ro r   sma l l e r   in  magni tude  than  the  phase  e r r o r   for  a  

35  p r e v i o u s l y   implemented  pulse   sequence  with  the  same  g r a d i e n t   p a r a m e t e r .  
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